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Abstract

Coxsackievirus infection induces an abnormal accumulation of ubiquitin aggregates that
are generally believed to be harmful to the cells and play a key role in the pathogenesis of
coxsackievirus-induced myocarditis and dilated cardiomyopathy. Selective autophagy mediated
by autophagy adaptor proteins, including sequestosome 1 (SQSTM1/p62) and neighbor of
BRCA1 gene 1 protein (NBR1), is an important pathway for disposing of misfolded proteins and
damaged organelles. We demonstrated that SQSTM1 was cleaved following CVB3 infection
through the proteolytic activity of viral proteinase 2Apro. The resulting cleavage fragments of
SQSTM1 were no longer the substrates of autophagy, and their ability to form protein aggregates
was greatly decreased due to incapability of interaction with ubiquitinated proteins. We further
tested whether NBR1, a functional homolog of SQSTM1, can compensate for SQSTM1 loss-offunction after viral infection. Of interest, we found that NBR1 was also cleaved after
coxsackievirus infection, excluding the possible compensation of NBR1 for the loss of SQSTM1.
This cleavage took place at two sites mediated by virus-encoded proteinase 2Apro and 3Cpro,
respectively. In addition to the loss-of-function, we showed that the C-terminal fragments of
SQSTM1 and NBR1 exhibited a dominant-negative effect against native SQSTM1/NBR1,
probably by competing for LC3 and ubiquitin chain binding. Apart from the disruption of
selective autophagy, CVB3 infection also impaired autophagic flux as confirmed by flux assays
with a combination of a tandem fluorescence-tagged LC3 stable cell line and a non-cleavable
construct of SQSTM1. Finally, we studied the roles of SQSTM1 and NBR1 in autophagic
degradation of depolarized mitochondria (referred to as mitophagy). Following mitochondrial
depolarization induced by carbonyl cyanide m-chlorophenylhydrazone (CCCP), a mitochondrial
ii

uncoupler to trigger mitophagy, we demonstrated that NBR1 did not appear to be required for
mitochondrial clustering. Deficiency of NBR1 alone or in concert with SQSTM1 did not block
the clearance of damaged mitochondria, suggesting that NBR1 is dispensable for mitophagy
regardless of the status of SQSTM1. Taken together, the findings in this study suggest novel
mechanisms in coxsackieviral pathogenesis: coxsackievirus infection induces abnormal
accumulation of ubiquitin conjugates through the disruption of selective degradation of protein
aggregates and blockage of autophagic flux.
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Chapter 1: Introduction

1.1

Myocarditis

1.1.1

Definition and epidemiology

Myocarditis is an inflammatory disease of the myocardium. According to the Dallas criteria,
it is defined by the infiltration of immune cells and the presence of necrosis/apoptosis of
cardiomyocytes without ischemic injury associated with coronary artery disease

1, 2

. Myocarditis

accounts for 8.6-12% of sudden death in adults and about 21% of patients with myocarditis
develop chronic dilated cardiomyopathy (DCM)

3, 4, 5, 6, 7, 8

. DCM is characterized by left

ventricular dilatation and impaired cardiac output, contributing to arrhythmias, blood clots and
ultimately heart failure. The 5-year mortality is as high as 46% in DCM 9. Myocarditis can be
caused by various factors, including infectious agents, immunological factors, and toxins, among
which viruses are the primary causative agents of myocarditis in North America and Europe
10

1, 5,

. Enteroviruses, particularly coxsackievirus group B (CVB), such as CVB3 accounts for 30-

50% of viral myocarditis in North America 11.

1.1.2

Viral myocarditis is a tri-phasic disease

The understanding of pathophysiology of viral myocarditis comes largely from animal
studies. Viral myocarditis exhibits three distinct pathological phases during disease progression
12

(Figure 1). The first phase is viral replication. Cardiotrophic viruses enter the cells through

receptor-mediated endocytosis. Coxsackie-adenoviral receptor (CAR) is identified as a cell
membrane receptor for most enteroviruses

13

. Following viral entry, viruses synthesize viral

RNA and protein to assemble viral particles. Meanwhile, the immune response is triggered either
1

by the direct activation of coreceptor-mediated signaling pathway or by the antigen presented
through major histocompatibility complex-restricted pathway

12, 14

. The production of type I

interferons (IFNs) plays a key role in the innate antiviral immune response

15

. The double-

stranded RNAs (dsRNAs), intermediates of viral replication, are recognized by pathogen
recognition receptors (PRRs). PRRs are classified into two groups: Toll-like receptor (TLR)
family members (i.e., TLR3 and TLR7/8) and RIG-I-like receptors, including RIG-I, MDA5, and
LGP2

16

. TLR are mostly expressed in immune cells such as macrophages and dendritic cells,

while RIG-I-like receptors are ubiquitously expressed

17

. The interaction between dsRNAs and

PRRs leads to the production of IFNs through different pathways. Secreted IFNs bind type I IFN
receptor (IFNAR) and activate JAK/STAT pathway, which ultimately results in the expression of
interferon-stimulated genes (ISGs)

18

. Induction of ISGs is required for the restriction of viral

replication and for viral clearance. However, picornaviruses have developed strategies to
suppress the host IFN response to favor their own replication. It has been reported that MDA5
and its downstream adaptor protein MAVS are proteolytically targeted by CVB3 protease 2Apro,
debilitating the production of IFN after CVB3 infection 19.
Activation of immune response facilitates the clearance of viruses; however, continuous and
exuberant immune response also ensues the second phase of the disease, autoimmunity. It is
suggested that autoimmunity may play a greater role in the pathogenesis of viral myocarditis
than the primary viral damage 12. One mechanism by which viruses break host self-tolerance is
that virus-mediated damage of cardiomyocytes leads to modification or release of antigenic
epitopes usually secluded from the immune system

20, 21

antigenic mimicry between host proteins and virus particles

. Another mechanism proposed is
22, 23

autoreactive T cells, auto-antibodies, and massive cytokines
2

12

. Autoimmunity is mediated by

. Auto-antibodies include those

targeting cardiac intracellular antigens (e.g., cardiac myosin heavy chain, cardiac troponin I,
adenine nucleotide translocator, and branched-chain alpha-keto dehydrogenase) and antibodies
against cardiac cell surface receptors (e.g., β1-adrenergic receptor and M2 muscarinic receptor)
24, 25

. As mediators in immune response, various cytokines are detected in CVB3-infected mouse

heart tissues

26

. Patients with myocarditis have marked elevation of tumor necrosis factor alpha

(TNF-α), interleukin (IL)-1, and IL-6 27. The increased expression of TNF-α, IL-1β, and IL-6 is
associated with reduced heart contractility in CVB3-infected mice

28

. Cytokines may contribute

to the development of DCM through the activation of matrix metalloproteinases 29.
The chronic sequela of myocarditis is DCM in the third phase. A low-level of viral genomes
is present in cardiomyocytes and is attributed to myocyte loss by chronic and persistent
activation of immune response

30

. Cardiomyocytes have limited ability of proliferation, leaving

the region of damage with replacement of fibroblasts and deposition of collagen, a process
described as cardiac remodeling 9. Cardiac remodeling impairs cardiac contractility and cardiac
output

31

, resulting in a vicious cycle: cardiac dysfunction in turn leads to further cardiac

reconstruction to ensure maximum cardiac output, and ultimately progresses to DCM and heart
failure manifested by wall thinning and left ventricle dilatation 32.

3

Figure 1. Three phases of viral myocarditis 33.
Viral myocarditis is a tri-phasic disease. Phase 1: Viral replication and direct injury. Phase 2:
autoimmune injury mediated by autoreactive T cells, auto-antibodies, and massive cytokines.
Phase 3: Dilated cardiomyopathy (DCM). The heart undergoes fibrosis and progresses to cardiac
dilatation. Finally, DCM may develop heart failure.

1.1.3

Diagnosis and management of viral myocarditis

The diagnosis of viral myocarditis is based on clinical manifestations and laboratory tests.
The majority of cases are asymptomatic, with only 10% of patients display clinical signs and
symptoms, such as flu-like syndrome accompanied by fever, chest pain, heart failure, and
ventricular dysfunction/dilatation

34, 35

. Laboratory tests may show elevated cardiac fraction of

creatine kinase, increased erythrocyte sedimentation rate, raised leukocyte count, and
electrocardiographic abnormalities

1, 9, 35

. Due to poor specificity of both clinical manifestations

and laboratory tests, the gold standard for the diagnosis of myocarditis is endomyocardial biopsy
1

.
The treatment of viral myocarditis varies by clinical presentation. In general, supportive care

is the first line of therapy, such as the management of arrhythmia, tissue oxygenation, inotropic
therapy, and loop diuretics to lower ventricular filling pressures
4

1, 9, 36, 37, 38

. Although ribavirin

and interferon alpha shows effectiveness in vitro and in mouse models of acute viral myocarditis
when applied at the time of viral infection, currently no definite clinical evidence supports
antiviral therapy in the management of acute viral myocarditis

38, 39, 40

. Animal studies

demonstrate that suppression of cytokine expression by different modulators, such as specific
neutralizing antibody or inhibitors, alleviates myocardial damage and improves cardiac function
41, 42, 43

; however, the response to immunosuppression therapy seems dependent on the duration

of the disease in patients. A clinical trial demonstrates that patients with acute viral myocarditis
do not benefit from immunosuppression

36

; however, patients with chronic symptoms for more

than 6 months response positively to immunosuppressive agents

44, 45, 46

. Knockout mice lacking

CD4+ and CD8+ T lymphocytes have less severe cellular inflammation and mortality after CVB
infection, suggesting that selective manipulation of different subsets of immune cells maybe a
more effective intervention

47

. The timing of any treatment is also a critical determinant of

efficacy.

1.1.4

Viral myocarditis has emerged as a disease of protein dyshomeostasis

Previous studies have provided valuable insights into the nature of myocarditis; however,
currently there is no effective therapeutic available. Other mechanisms underlying myocarditis
and the resulting DCM and heart failure remain to be fully understood. Protein homeostasis is
important to the overall health of cells, particularly in post-mitotic cells with no or poor
regenerative capability, such as the brain and heart. It is well known that the brain suffers from
numerous proteinopathies, such as Huntington Disease, Parkinson Disease, prion disease, and
amyotrophic lateral sclerosis that are characterized by the accumulation of protein aggregates
49, 50, 51, 52, 53

48,

. Proteotoxicity generated by protein aggregates, or any of the preceding
5

intermediaries, has been implicated in the pathogenesis of neurodegenerative diseases. Similarly,
studies have begun to establish the necessity and sufficiency of proteotoxicity as a major
pathogenic factor in the heart 44, 47, 54, 55. A dramatic induction of ubiquitinated protein aggregates
and amyloid oligomers has been observed in the hearts of DCM patients 56, 57, 58. Cardiomyocyte
specific expression of a pre-amyloid oligomer causes heart failure, establishing the cause and
effect relationship of protein misfolding and cardiac dysfunction

59

. We previously found that

CVB3 infection results in increased accumulation of protein-ubiquitin conjugates both in vitro
and in vivo

60, 61

. Consistently, amyloid oligomers were apparently increased in CVB3-infected

mouse hearts (Figure 2, unpublished data). The accumulation of misfolded protein aggregates
appears to be an uncovered mechanism in the pathogenesis of viral myocarditis. Understanding
the formation and clearance of protein aggregates is a pivotal step towards the insight into this
disease.

6

Figure 2. Accumulation of amyloid oligomers in CVB3-infected mouse hearts.
A/J mice were infected with CVB3 [105 PFU of Nancy stain] or phosphate-buffered saline (PBS;
sham infection). At 9 days (d) after infection mice were sacrificed and heart tissues were
harvested. Mouse heart tissues were probed with an antibody against amyloid oligomers (stained
in green), and nuclei were counterstained in blue with DAPI.

1.2

Coxsackievirus

1.2.1

Classification

Coxsackievirus belongs to Enterovirus genus, Picornaviridae family. Coxsackievirus is the
second species of enterovirus discovered after poliovirus, named according to the geographical
site of isolation in the upstate New York town of Coxsackie 35. Group A coxsackievirus (CVA)
is composed of 23 serotypes, including CVA1-22 and 24. Group B coxsackievirus comprises 6
serotypes, including CVB1-6. A distinction between the two groups is based on the symptoms in
7

mouse models after virus inoculation. CVA induces flaccid paralysis and affects skeletal and
heart muscle, while CVB causes spastic paralysis and widespread damages in the central nervous
system (CNS), liver, exocrine pancreas, brown fat, and striated muscle
CVB, CVB1, 3, and 5 are known to have heart tropism

63

62

. In the 6 serotypes of

. Virulence of viral infection depends

on host factors, such as physical-activity level, sex, age, and genetic background 1.

1.2.2

Structure and functions of viral proteins

CVB3 is a non-enveloped virus containing a single, positive-stranded RNA genome with a
30 nm icosahedral capsid

64, 65

. Picornaviridae family shares a conserved genome structure

composed of a single open reading frame (ORF) flanked by untranslated regions (UTRs) at both
ends. In CVB3, the long 5′UTR (742 nt) is covalently linked to the small viral protein 3B (also
known as VPg) and contains cis-acting structural elements, a 5′ terminal domain involved in
replication, and an internal ribosomal entry site (IRES) directing translation initiation
IRES element is shared by all picornaviruses but varies in the secondary structures
short 3′UTR (100 nt) is followed by a polyadenylated tail

65, 68

66, 67, 68

69, 70

.

. The

. The ORF encodes a polyprotein

which is subsequently proteolytically cleaved into three primary precursor molecules, P1, P2,
and P3. The primary precursors are further cleaved into several intermediates (2BC, 3AB, and
3CD) and 11 mature viral proteins during and after translation. The mature proteins include
structural proteins (VP1, VP2, VP3, and VP4) for viral capsid assembly, viral proteinases (2Apro
and 3Cpro) that can cleave a number of virus and host proteins, host membrane modifiers (2B and
3A) that can increase plasma membrane permeability and inhibit cellular secretion, an RNAdependent-RNA polymerase (3D), an ATPase (2C), and a small polypeptide priming RNA
synthesis (3B) 33, 71. The organization of CVB3 viral proteins is illustrated in Figure 3.
8

Figure 3. Schematic diagram of coxsackievirus type B3 (CVB3) genome organization.
The open reading frame (ORF) of CVB3 is flanked by 5′ and 3′ untranslated regions (UTRs).
The ORF encodes 4 structural viral capsid proteins (VP1-4) and 7 nonstructural proteins (2A,
2B, 2C, 3A, 3B, 3C, and 3D).

1.2.3

Proteolytic cleavage of host proteins by enteroviral proteinases

In addition to cleaving viral precursor polyprotein into mature and functional proteins,
enteroviral proteinases also elicit proteolytic cleavage of a number of host proteins sharing the
consensus sequences, resulting in the hijack of cellular functions to facilitate viral infection and
disruption of host antiviral responses (Table 1).
One of the well-characterized cleavage events during viral infection is the cleavage of
eukaryotic translation initiation factors 4G (eIF4G) by poliovirus 2Apro proteinase 72, 73. Cleavage
of eIF4G disrupts host cap‐dependent translation and partially results in host protein translation
shut‐off, a strategy to facilitate viral IRES-dependent protein synthesis. Viral proteinases also
target host anti‐viral signaling pathways. For instance, the cleavage of MDA5, mitochondrial
antiviral signaling protein (MAVS), and RIG-I by CVB3 proteinase 2Apro/3Cpro results in the
attenuation of type I interferon production and compromise of anti-viral response 19. Apart from
the effects on viral proliferation, the cleavage of host proteins leads to the change of host
physiological function. A case in point is the disruption of myocyte contractibility caused by the
cleavage of a cardiac-restricted cytoskeletal protein dystrophin (DMD) 74.
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Table 1. Host proteins cleaved by enteroviral proteinases 2Apro and 3Cpro.
Proteinase
3C

Virus
PV

3C

Function
Transcription

Protein
Oct-1

Reference

PV

TBP

76, 77

3C

PV

CREB

78

3C

PV

TFIIIC

79

3C

PV

La

80

2A

CVB3

SRF

81

3C

PV

TP53

82

2A

CVB4

eIF4GI

83

2A

HRV

eIF4GII

72

3C

PV1, CVB3, HRV

eIF5B

84

2A, 3C

PV

PABP

85

3C

PV, CVB3

G3BP

86, 87

3C

PV

PCBP

88

2A

CVB3

MDA5

19

2A, 3C

CVB3

MAVS

19, 89

3C

CVB3

RIG-I

19

3C

CVB3

TRIF

89

3C

PV, HRV

p65-RelA

90

3C

PV

PTB

91

2A

CVB3

DMD

92

2A

HRV2, CVB4

Cytokeratin 8

93

3C

PV, HRV14

MAP-4

94

3C

EV71

CstF-64

95

3C

CVB3

AUF1

96

3C

CVB3

TDP43

97

Translation

Immune response

Cytoskeleton

RNA or genome processing

75

Abbreviations: PV, poliovirus; CVB, coxsackievirus type B; HRV, human rhinovirus; EV,
enterovirus; Oct-1, octamer-binding transcription factor; TBP, TATA-binding protein; CREB,
cyclic AMP-responsive element-binding protein; TFIIIC, Pol III DNA-binding transcription
factor; SRF, serum response factor; TP53, tumor protein p53; eIF4GI, eIF4GII, and eIF5B,
eukaryotic translation initiation factor 4GI, II, and 5B; PABP, poly(A)-binding protein; G3BP,
GTPase activating protein (SH3 domain) binding protein; PCBP, poly(rC)-binding protein;
MAVS, mitochondrial antiviral signaling protein; TRIF, Toll/IL-1 receptor domain-containing
10

adaptor inducing interferon-beta;p65-RelA, p65-RelA subunit of the NFKB complex; PTB,
polypyrimidine tract-binding protein;MAP-4, microtubule-associated protein 4; CstF-64, nuclear
factor CstF-64; AUF1, adenosine-uridine (AU)-rich element RNA binding factor 1; TDP43,
transactive response DNA-binding protein 43; DMD, dystrophin.

1.3

Autophagy

1.3.1

Autophagy: mechanism, regulation, and general function

Autophagy is a protein degradation system in eukaryotes. Three types of autophagy have
been identified, including macroautophagy, microautophagy, and chaperone-mediated autophagy
98, 99, 100

. The classification is based on how the cargo is delivered to the lysosome.

Microautophagy is a process with the direct sequestration of substrates by lysosomes through
membrane invagination. In chaperone-mediated autophagy, the substrates with a consensus
sequence (KFERQ) are first recognized and translocated to lysosomes by cytosolic chaperone
heat shock cognate 70 kDa protein 1 (HSC70)

99, 101

, followed by internalization to lysosomes

through the interaction of lysosome-associated membrane protein type 2A (LAMP-2A) and
LAMP-2A receptor 100.
The process of macroautophagy (hereafter referred to as autophagy) can be divided into four
sequential steps (Figure 4). Initially, a crescent-shaped double-membrane vesicle (DMV) called
an isolation membrane or phagophore is formed to sequester misfolded proteins and damaged
organelles (induction and nucleation step). Subsequently, two ends of the phagophore fuse to
form a complete DMV termed an autophagosome (elongation step). Finally, the outer membrane
of the autophagosome fuses with lysosome to form an autolysosome while the inner membrane
and the cargo enwrapped in the autophagosome are degraded by hydrolysis (fusion step).
Autophagosomes can also fuse with early or late endosomes to form amphisomes 102.
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Figure 4. The activation of autophagy pathway by different positive-stranded RNA viruses.
The process of autophagy consists of four steps: induction, nucleation, elongation, and fusion
with lysosome. Two ubiquitination-like conjugation systems, Atg12-Atg5 and LC3-PE, are
essential for the formation of autophagosomes. Positive-stranded RNA viruses induce either
complete or incomplete autophagy as indicated. ER stress-induced UPR, eIF2α phosphorylation
and the

mTOR/p70S6K signaling pathway have been associated with the activation of

autophagy in HCV, EV71 and CVB3 infection, respectively. The calpain pathway is required for
the activation of autophagy in CVB4 infection. Abbreviations: ER, endoplasmic reticulum; UPR,
unfolded protein response; eIF2α, eukaryotic initiation factor 2α; mTOR, mammalian target of
rapamycin; p70S6K, p70 ribosomal protein S6 kinase; PE, phosphatidylethanolamine; PV,
poliovirus ; CVB, coxsackievirus type B; HRV, human rhinovirus; EV71, enterovirus 71;
EMCV, encephalomyocarditis virus; FMDV, foot and mouth disease virus; ChikV, chikungunya
virus; SARS-CoV, severe acute respiratory syndrome-coronavirus; MHV, mouse hepatitis virus;
IBV, infectious bronchitis virus; EAV, equine arteritis virus; DENV, dengue virus; JEV,
Japanese encephalitis virus; SIN, sindbis virus; HCV, hepatitis C virus.
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More than 30 autophagy-related (Atg) genes have been identified to participate in the
autophagic process

103, 104, 105

. The key proteins involved in the formation of autophagosome

include: (1) ULK complex, composed of ULK1, ULK2, Atg13, focal adhesion kinase family
interacting protein of 200 kDa (FIP200) and Atg101; (2) class III PI3-kinase complex,
comprising of Vps34, p150, beclin-1, Atg14 and Ambra1; (3) two ubiquitination-like
conjugation systems, composed of Atg4, Atg12, Atg5, Atg16L1, Atg7, Atg10, Atg3, and
microtubule-associated protein light chain alpha (LC3)

103, 104, 105

.

Other mammalian

homologues of LC3 have also been discovered, such as γ-aminobutyric-acid-type-A-receptorassociated protein (GABARAP) and Golgi-associated ATPase enhancer of 16 kDa (GATE16)
106, 107

.

The two conjugation systems are essential for the formation of autophagosome (Figure 4).
For Atg5-Atg12 conjugation, Atg12 is first activated by Atg7 and then transferred to Atg10.
Atg12 finally forms a conjugate with Atg5 to activate the formation of the autophagosome

108

.

For LC3-phosphatidylethanolamine (PE) conjugation, nascent LC3 is first cleaved by Atg4 to
become LC3-I, which is subsequently activated by Atg7 and then transferred to Atg3. Finally,
LC3 is conjugated to PE to form a LC3-PE complex (LC3-II), which participates in the
formation of autophagosome

108

. Recruitment of LC3 protein to autophagic vesicles has been

considered a common trait of autophagosome formation. In addition, conversion from LC3-I to
LC3-II has been widely accepted as a marker for detection of autophagosome 109.
Autophagosome formation is also tightly controlled by multiple signaling pathways.
Autophagic protein beclin-1 forms the class III PI3-kinase complex with VPS34, a class III PI3kinase, to facilitate autophagosome formation by providing phosphatidyliositol 3-phosphates to
the isolation membrane

110, 111

. The mammalian target of rapamycin (mTOR) and the eukaryotic
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initiation factor 2α (eIF2) kinases also participate in the autophagy process by negatively and
positively regulating the formation of autophagosomes, respectively 112, 113.
Autophagy functions as a protein quality control system (Figure 5). Thus, defects in
autophagy have been associated with several pathological conditions, such as neurodegenerative
diseases, myopathy, and cancer 114, 115, 116. Autophagy has also been implicated in the modulation
of infection and immunity. Autophagy serves as a critical component of innate immune response
by removing bacteria, viruses and protozoans from the host cells through xenophagy, whose
targets are foreign bodies rather than self-molecules

117, 118

. The antigens are then presented

through MHC class II molecules, initiating adaptive immune response

119

. In this process,

autophagy participates and assists both innate and adaptive immunity to clear the pathogens.
However, as opposed to the anti-viral activity, many positive-stranded RNA viruses have
successfully developed strategies to hijack autophagy to foster their replication (Figure 4). The
interplay between autophagy and RNA viruses will be discussed in detail below.
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Figure 5. Autophagy in protein quality control.
The protein quality control system consists of molecular chaperones and two protein degradation
pathways. Chaperone proteins function as the first line of defense for protein quality control.
They help correct protein misfolding and prevent the formation of protein aggregates.
Terminally-damaged protein or protein aggregates are delivered to the ubiquitin-proteasome
system or autophagy pathway for degradation. The narrow barrel structure of the proteasome
prevents the entry of large protein aggregates for degradation. Therefore, the clearance of protein
aggregates requires autophagy.

1.3.2

Selective autophagy

Autophagy was traditionally regarded as a non-selective degradation process mainly trigged
by starvation. Accumulated evidence in current studies supports the notion that autophagy is
highly selective

120, 121, 122

. Different types of selective autophagy have been identified (Figure

6). Although the mechanism of cargo recognition is not fully understood, ubiquitination is a
15

common signal that tags the substrates for selective degradation

123, 124, 125, 126 127

. Selective

autophagy is mediated by adaptor proteins that share both a LC3-interacting region (LIR) and an
ubiquitin association (UBA) domain. To date, at least five adaptor proteins, e.g., sequestosome 1
(SQSTM1)/p62, neighbor of BRCA1 gene 1 (NBR1), calcium binding and coiled-coil domain 2
(NDP52), TRAF-interacting protein with forkhead-associated domain (T6BP), and optineurin,
have been identified

126, 128, 129, 130, 131

. The adaptor proteins interact with ubiquitinated cargo via

UBA domain. The interaction between LIR domain and LC3 is crucial for the recruitment of
cargo to the inner surface of phagophore 132.
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Figure 6. Selective degradation of substrates through autophagy pathway.
Invading pathogens (e.g., bacteria and viruses), intracellular materials (protein aggregates, lipid
droplets, and glycogen), and organelles (mitochondria and peroxisomes) can be selectively
targeted for autophagic degradation. Autophagy adaptor proteins interact with both LC3 and
selective substrates (generally ubiquitinated) to ensure successful cargo loading.
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1.3.3

Autophagy in cardiac diseases

As a protein quality control system, a basal level of autophagy is important to maintain
normal cardiac function. Cardiac-specific loss of autophagy in adult mice by temporally
controlled depletion of Atg5, a protein required for autophagy, results in a severe phenotype
manifested by cardiac hypertrophy, left ventricular dilatation and contractile dysfunction, as well
as increased ubiquitination in mouse hearts at the molecular level 133. Mice with cardiac-specific
deficiency of Atg5 early in embryogenesis show normal cardiac structure and function up to 10
weeks old. However, Atg5-deficient mice develop early-onset cardiac dysfunction and have a
shorter life span as compared to control mice, suggesting the importance of constitutive
autophagy in maintaining normal cardiac structure and function 134. Under disease condition, the
down-regulated autophagy level in desmin-related myopathy mouse model can be rescued by
forced expression of Atg7, another protein required for autophagy, and the characteristic protein
aggregates are significantly decreased 135.
The role of autophagy in cardiac function is further addressed by the understanding of
human Danon cardiomyopathy, an X-linked disease with deficient lysosome-associated
membrane protein type 2 (LAMP2). LAMP2 deficiency results in compromised ability of
autophagosome and lysosome fusion, which is attributed to the buildup of glycogen,
morphologically abnormal lysosomes, and accumulation of autophagic vacuoles 136, 137, 138, 139.
While autophagy is deemed cytoprotective in aforementioned cases, the process may be
detrimental under certain conditions, such as alcoholic cardiomyopathy, ischemia/reperfusion,
pressure overload 140, 141, 142, 143. Thus, delicate regulatory balance is desired to avoid insufficient
or excessive autophagy under physiological and pathological conditions.
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1.3.4

Autophagy in viral infection

1.3.4.1

Pro-viral effects of autophagy

One of the common features shared by positive-stranded RNA viruses is to assemble and
replicate on intracellular membranes

144, 145, 146, 147

. The functions of the membranous structures

are proposed to provide a scaffold for anchoring and concentrating the replication complexes to
prevent the immune response triggered by dsRNA intermediates and to afford certain lipids
required by genome synthesis

148

. The replication complexes are usually composed of viral

RNA-dependent RNA polymerase, accessory non-structural proteins with helicase and
nucleotide triphosphate activity, viral RNA, and host cell factors.
As parts of the intracellular membranous structures, autophagosomes or amphisomes have
been shown to function as scaffolds required for the replication and assembly of certain positivestranded RNA viruses. Confocal microscopy showed the co-localization of polioviral protein 3A,
a critical component of the poliovirus RNA replication complex, with the autophagosome marker
LC3

149

. DENV non-structural protein NS1 and dsRNA were reported to co-localize with LC3

and ribosomal protein L28

150, 151

. Immuno-electron microscopy also showed co-localization of

EV71 capsid protein VP1 with autophagosomes in virus-infected mouse neurons

152

. Confocal

and immune-electron microscopy revealed that both non-structural protein 3A and capsid protein
VP1 co-localize with autophagosomes during EMCV infection

153

. Co-localizations of non-

structural proteins 2B, 2C, and 3A with LC3 and between structural protein VP1 and Atg5 were
also reported in FMDV-infected cells

154

. The ultrastructural analysis showed that the ChikV

virions locate in the lumen of autophagomes-like vacuoles 155.
Similar to other positive-stranded RNA viruses, HCV infection induces intracellular
membrane redistribution. However, controversy exists as to whether autophagosomes serve as
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sites for HCV replication. By sucrose gradient analysis, LC3-II was found to co-sediment with
HCV RNA and non-structural proteins NS3 and NS5A

156

. However, confocal microscopy

showed little evidence of co-localization of LC3 or Atg5 with HCV core, NS3, NS4A/4B, and
NS5A proteins

157, 158, 159, 160

. Moreover, it was demonstrated that knockdown of either LAMP2

or Rab7, two critical proteins responsible for the fusion of autophagosome with lysosome,
inhibits HCV viral replication 161. These studies suggest that autophagosome may not be a major
site for HCV genome replication.
Although MHV replication complexes were found to be associated with LC3 and Atg12 162,
conflicting results were also reported with regard to the role of autophagy in MHV replication.
As opposed to the findings in embryonic stem cell lines that autophagy induced by MHV
enhances viral replication, likely through providing a replication site

162

, using primary

macrophages and murine embryonic fibroblasts it was found that MHV replication does not
require the autophagy gene Atg5 163.
Although direct evidence of the association of viral replication complexes with
autophagosomes is lacking for CVB3, blockage of the fusion between autophagosomes and
lysosomes using pharmacological inhibitors or knockdown of the genes critical for this fusion
increases the accumulation of autophagosomes in virally infected cells and consequently leads to
enhanced viral replication 164. This study provides indirect evidence that the autophagosome is a
critical component during CVB3 replication, likely by serving as virus anchoring and replication
sites. Similar to the observation in CVB3, inhibition of the fusion between autophagosomes or
amphisomes and lysosomes was found to increase the viral yield of DENV-2

151

. This data

together with the discoveries that DENV-2 replication complexes co-localize with LC3 and an
endosome marker implies that DENV-2 may use the amphisomes as sites for viral replication 151.
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However, this effect seems to be viral serotype-specific. It was found that inhibition of lysosome
fusion reduces DENV-3 yields and results in an accumulation of viral NS1

150

. The mechanisms

through which autophagy favors DENV-3 replication remain elusive.
In addition to providing the replication lattice, autophagy has multiple pro-viral roles in viral
infections. Currently known pro-viral mechanisms include: promoting viral entry/uncoating and
non-lytic release

149, 151, 165, 166, 167

, suppressing innate anti-viral immunity

161, 168

, regulation of

cellular metabolism, and prevention of premature cell death 169, 170, 171.
In summary, the pro-viral functions of autophagy in positive-stranded RNA viral life cycle
apparently involve multiple pathways, either direct effects on viral replication or indirect
influences on the host immune and non-immune-related activities.

1.3.4.2

Anti-viral effects of autophagy

The autophagy machinery is not always beneficial for positive-stranded RNA viruses. It has
been shown that autophagy functions as an anti-viral host defense against SIN infection (Figure
7)

172, 173

. In response to SIN infection, mice with beclin-1 overexpression have improved

survival rate, reduced viral loads, and attenuated viral pathogenesis as compared to control mice
172

. A study using neuron-specific Atg5 knockout mice showed that disruption of Atg5 gene

leads to enhanced susceptibility of the mouse central nervous system to SIN infection 173. Further
investigation demonstrated that loss of Atg5 in SIN-infected neurons results in impaired viral
capsid protein clearance, increased SQSTM1 accumulation, and accelerated cell death, without
affecting viral growth/spread and type I interferon production 173. The in vitro study showed that
SQSTM1 binds directly to viral capsid protein and transports it to autophagosomes for lysosomemediated degradation

173

. Electron microscopic analysis provided the direct evidence that SIN
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virions are captured inside the autophagosome or autolysosome 173. This study suggests that Atg5
plays a crucial role in protecting against SIN infection in mouse central nervous system by
promoting SQSTM1-mediated clearance of viral proteins, rather than modulating innate immune
response or viral growth/spread

173

. Further study is required to elucidate the exact mechanisms

by which SQSTM1 mediates selective autophagic degradation of SIN capsid protein.
Toll-like receptors (TLRs) play an important role in innate anti-viral immunity against
CVB3 infection (Figure 7) 174. It was recently reported that autophagy plays a significant role in
TLR-mediated type I interferon signaling during CVB3 infection 175. It was found that blockage
of autophagy by either gene-silencing of LC3-II, beclin-1 or Atg5, or using pharmacological
inhibitor 3-MA inhibits TLR3 signaling in response to dsRNA. Interestingly, in contrast to the
earlier observation that incomplete autophagy increases CVB3 replication

164

, it was

demonstrated that complete autophagy is required for the activation of signaling triggered by
TLR3, as inhibition of lysosome activity by bafilomycin A1 (BAF) or chloroquine results in
decreased type I interferon signaling 175. The detail mechanisms in relation to a dual function of
autophagy in supporting CVB3 replication by providing replication scaffolds and suppressing
viral growth by triggering TLR3-mediated innate immune response require further investigation.
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Figure 7. The pro-viral and anti-viral functions of autophagy during positive-stranded
RNA viral infection.
Pro-viral functions of autophagy (viruses are indicated in black rectangles): (1) Autophagosomes
(PV, EV71, CVB3, EMCV, FMDV, ChikV) or amphisomes (DENV) serve as sites for viral
replication; (2) the amphisome is also linked to the entry/uncoating of JEV and DENV; (3) The
topological structure of the autophagosome is associated with non-lytic egress of PV particles;
(4) Autophagy prevents premature cell death to maintain favorable cellular environment for viral
replication (DENV-2, HCV, and CVB4); (5) Autophagy favors DENV replication by selectively
degrading lipid droplets to generate ATP for viral replication; (6) Suppression of IFN signaling is
related to the pro-viral function of autophagy in HCV infection. Anti-viral functions of
autophagy (red rectangles): (1) Autophagy inhibits SIN replication by promoting the clearance of
23

viral capsid protein; (2) Autophagy is required for TLR3-medicated type-I IFN production
during CVB3 infection. Abbreviations : PV, poliovirus ; CVB, coxsackievirus type B;
EV71, enterovirus 71; FMDV, foot and mouth disease virus; ChikV, chikungunya virus ; HCV,
hepatitis C virus; HRV, human rhinovirus ; EMCV, encephalomyocarditis virus; SIN, sindbis
virus ; DENV, dengue virus ; MHV, mouse hepatitis virus ; JEV, Japanese encephalitis virus;
FAA, free fatty acid; IFN, interferon; TLR3, toll-like receptor 3.

1.4

Rational, hypothesis, and specific aims
Rational: Previously we observed profound accumulation of ubiquitinated protein

aggregates and amyloid oligomers in CVB3-infected mouse hearts, consistent with our
observation in cultured cells

60, 61

. It is believed that proteotoxicity generated by protein

aggregates or its preceding intermediaries is a major pathogenic factor in the heart.
Understanding the mechanism by which excessive protein aggregates are produced is a
prerequisite to give further insight into the pathogenesis of viral myocarditis and its sequela
DCM. The level of ubiquitinated conjugates is determined by the balance between protein
synthesis and degradation. CVB3 infection enhances the expression of ubiquitin enzymes,
indicating that increased protein ubiquitination contributes, at least in part, to aberrant
accumulation of ubiquitin conjugates

61

. Ubiquitin-proteasome and autophagy are the major

protein degradation systems. Both in vitro and in vivo studies showed that proteasome activity
remains unchanged after CVB3 infection, ruling out a possible contribution of proteasome
dysfunction to excessive accumulation of ubiquitin conjugates. Moreover, CVB3 infection
induces massive autophagosomes in cultured cells

176

. Existing evidence makes it reasonable to

speculate whether disruption of autophagy may account for the abnormal accumulation of
ubiquitin conjugates.
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I hypothesized that disruption of autophagy following CVB3 infection results in the
impaired degradation of ubiquitin conjugates, contributing to the proteinopathy. My specific
aims are:
1. To evaluate autophagy activity following CVB3 infection
2. To explore the underlying mechanisms of autophagy disruption
3. To investigate the consequences of compromised autophagy
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Chapter 2: Materials and methods

2.1

Cell culture
HeLa cells (American Type Culture Collection, ATCC® CCL-2™) and pWPI-EGFP-Myc-

Parkin/PARK2 stably expressing HeLa cells (generously provided by Dr. Wolfdieter Springer,
Mayo Clinic, United States) were maintained in Dulbecco's modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 µg/ml penicillin, and 100 μg/ml
streptomycin. Sqstm1-/- MEFs (a generous gift from Dr. Masaaki Komatsu, Tokyo Metropolitan
Institute of Medical Science, Japan) were cultured in DMEM supplemented with 10% FBS, 100
µg/ml penicillin, 100 μg/ml streptomycin, 1× non-essential amino acids (Life Technologies,
11140-050), and 1× sodium pyruvate (Life Technologies, 11360-070) at 32.5°C, supplied with
5% CO2..

2.2

CVB3 infection
HeLa Cells and sqstm1-/- MEFs were infected with CVB3 (Kandolf strain) at multiplicity of

infections (MOI) of 10 and 40, respectively, for 1 h in DMEM without FBS, and then washed in
Dulbecco’s PBS (DPBS) and maintained in the culture medium containing DMEM and 10%
FBS for a variety of time points as indicated.

2.3

Plasmids, siRNAs, and transient transfection
The Flag-tagged SQSTM1 construct (a generous gift from Dr. Brett Finlay, University of

British Columbia, Canada) was used as a template to generate a series of SQSTM1 deletion
mutants, site-directed SQSTM1-G241E mutant, and SQSTM1 truncations (SQSTM1-C and
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SQSTM1-N). Plasmids expressing C-terminal NBR1 fragments (Flag-2A-NBR1-C and Flag-3CNBR1-C) were established from a HA-NBR1 template generously provided by Dr. Caroline
Whitehouse, King’s College London, United Kingdom. The small interfering RNAs (siRNAs)
against human SQSTM1 (L-010230-00-0005) and NBR1 (L-010522-00-0005) were purchased
from Dharmacon. NBR1 siRNA against mouse was purchased from Santa Cruz Biotechnology
(sc-149849). Cells were transfected with DNA plasmids or siRNAs using Lipofectamine® 2000
(Life Technologies, 11668-019) for 24-48 h according to the manufacturer’s instructions.

2.4

Nuclear protein extraction
Cells were washed and harvested in DPBS, followed by centrifugation at 13,000 g for 2 min.

The cell pellet was collected and incubated in TD buffer (25 mM Tris, pH 8.0 and 2 mM MgCl2)
on ice for 5 min. After addition of 5% NP-40 and subsequent centrifugation at 8, 000 g for 5 min,
the supernatant fraction was removed and the remaining pellet fraction was incubated in BL
buffer (10 mM Tris, pH 8.0, 0.4 M LiCl, and 20% glycerol) on ice for 10 min. The mixture was
centrifuged at 18,000 g for 25 min, and the supernatant fraction containing nuclear protein was
collected.

2.5

Western blot analysis
Cells were washed in cold DPBS and lysed in Modified Oncogene Science lysis buffer

(MOSLB) (50 mM NaPyrophosphate, 50 mM NaF, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA,
100 µM Na3VO4, 10 mM HEPES, and 0.1% Triton X-100). Protein concentration was measured
by the Bradford assay (Bio-Rad Laboratories, #500-0006) or BCA protein assay (Thermo
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Scientific, 23227), and 20-40 µg of protein was loaded for SDS-PAGE. Western blotting was
performed according to a standard protocol as previously described 177.

2.6

Subcellular fractionation
HeLa cells were washed in cold DPBS and lysed in DPBS containing 1% Triton X-100 and

complete proteinase inhibitors on ice for 30 min with vortex every 10 min. After centrifugation
at 15,000 g for 30 min at 4 °C, the supernatant fractions were collected as Triton X-100-soluble
fractions. The pellets were washed with DPBS containing 1% Triton X-100, and further
solubilized in DPBS containing 2% SDS and complete proteinase inhibitors (Roche,
11836170001) at 60 °C for 1 h with vortex every 20 min. After centrifugation at 15,000 g for 30
min at 4 °C, the supernatant fractions were collected as Triton X-100-insoluble fractions.

2.7

Real-time quantitative reverse transcriptase PCR (RT-qPCR)
Total RNA was extracted using the RNeasy Mini kit (Qiagen, 74104). cDNA was

synthesized using the SuperScript III First-Strand Synthesis kit following the manufacturer’s
protocol (Life Technologies, 18080-051). NBR1 or SQSTM1 was amplified in a 20 μl PCR
reaction system composed of 100 ng of cDNA template, 1 μl of 20×TaqMan probe [Life
Technologies,

#4331182,

Hs01061917_g1

(SQSTM1),

Hs00245918_m1(NBR1),

Hs02758991_g1 (GAPDH)], and 2×TaqMan Universal Master Mix II with UNG (Life
Technologies, #4440038). The PCR reactions were performed on a ViiA 7 Real-Time PCR
System (Applied Biosystems) with the following condition: 50 °C, 2 min; 95 °C, 10 min; 40
cycles of 95 °C, 15 sec and 60 °C, 1 min. Samples were run in triplicate concurrently with a 10
serial dilution of sample cDNA as a standard.
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2.8

CVB3 proteinases 2Apro and 3Cpro in vitro cleavage assay
Coxsackieviral proteinases 2Apro, 2Apro mutant, and 3Cpro were purified as previously

described 85. HeLa cells were collected into the cleavage reaction buffer (20 mM Hepes, pH 7.4,
150 mM KOAc, and 1 mM DTT) and grinded with a dounce homogenizer for 30-50 strokes on
ice. Cell lysates were centrifuged to remove the debris. Purified 2Apro, 2Apro mutant, or 3Cpro was
incubated with 50 g of HeLa cell extracts in the cleavage reaction buffer at 37 °C for increasing
periods of time as indicated. The reaction was stopped by addition of SDS-PAGE sample buffer.

2.9

Plaque assay
Virus titers in the supernatant fraction were measured by the plaque assay as previously

described. In brief, cell supernatant fractions were serially diluted in DMEM and overlaid on 9095% confluent HeLa cell monolayer. After 1 h incubation, the medium was replaced with
complete medium with 10% FBS and 0.75% agar. After 72 h infection, cells were fixed in
Carnoy’s fixative (75% ethanol-25% acetic acid) containing 1% crystal violet. Plaques formed
on the monolayer were counted manually and viral titers were calculated as plaque forming units
(PFU)/ml.

2.10 NFKB luciferase activity assay
HeLa cells were co-transfected with various SQSTM1 constructs (empty vector, FlagSQSTM1-WT, Flag-SQSTM1-N, or Flag-SQSTM1-C), inducible NFKB-responsive firefly
luciferase construct, and constitutively-expressing renilla luciferase construct, with a ratio of
5:4:1 after optimization, for 48 h. NFKB luciferase activity was measured using the dualluciferase® reporter assay system according to the manufacturer’s protocol (Promega, E1960).
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2.11 Immunofluorescence and confocal laser-scanning microscopy
Cells were fixed with 4% paraformaldehyde diluted in DPBS for 15 min at room
temperature, permeabilized with 0.25% Triton X-100 in DPBS for 10 min, and blocked with 1%
bovine serum album in DPBS plus Tween 20 for 30 min. Coverslips were incubated with
primary antibodies at 4 °C overnight. After washing for 5 min × 3 times, secondary antibodies
were added and incubated for 1 h at room temperature in the dark. The cover slips were washed
for 5 min × 3 times after decanting secondary antibodies and cells were counterstained with
DAPI (4, 6-diamidino-2-phenylindole, Vector Laboratories, H-1200). Images were taken with a
Nikon eclipse TE300 fluorescence microscope or a Leica SP2 AOBS confocal fluorescence
microscope.

2.12 Immunoprecipitation
Cell lysates were prepared using lysis buffer containing 50 mM Tris HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, and proteinase inhibitor cocktail (Roche, 04693132001).
Immunoprecipitation was carried out using EZview™ Red ANTI-FLAG® M2 Affinity Gel
(Sigma-Aldrich, F2426) following the manufacturer’s protocol and with controls recommended
by the protocol.

2.13 Reagents
The following antibodies were used in the study: anti-C-terminal SQSTM1 (PROGEN
Biotechnik GmbH, GSQSTM1-C), anti-N-terminal SQSTM1 (PROGEN Biotechnik GmbH,
GSQSTM1-N), anti-FLAG (Santa Cruz Biotechnology, sc-807), anti-NFE2L2 (Santa Cruz
Biotechnology, sc-13032), anti-histone H1 (Santa Cruz Biotechnology, sc-10806), anti-G3BP1
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(Santa Cruz Biotechnology, sc-98561), anti-N-terminal NBR1 (Santa Cruz Biotechnology, sc130380), anti-cleaved caspase-3 (Asp175) (Cell Signaling, 9661S), anti-ubiquitin (SigmaAldrich, U5379), anti-ACTN/α-actinin (Sigma-Aldrich, A5044), anti-ACTB/β-actin (SigmaAldrich, A5316), anti-VP1 (DakoCytomation, M706401-1), anti-HA (Roche, 11867423001), and
anti-GFP (Life Technologies, A-6455), anti-cytochrome c (H-104) (Santa Cruz Biotechnology,
sc-7159), anti-TOMM20 (FL-145) (Santa Cruz Biotechnology, sc-11415), anti-Parkin/PARK2
(Prk8) (Cell Signaling, #4211), anti-VDAC (Cell Signaling, #4866), anti-MAVS (Cell Signaling,
#8348), anti-PINK1(N3C3) (GeneTex, GTX107851), and anti-LC3B (Novus Biologicals,
NB100-2220). The chemicals used in this study include: general caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone

(Z-VAD-FMK)

(EMD

Millipore,

#219007), VECTASHIELD mounting medium with DAPI (4’, 6-diamidino-2-phenylindole)
(Vector Laboratories, H-1200), fluorophore-labeled secondary antibodies (Life Technologies),
Lipofectamine® 2000 (Life Technologies, #11668-019), complete proteinase inhibitor tablets
(Roche, #11836170001), carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Santa Cruz
Biotechnology, sc-202984), BAF (LC Laboratories, B-1080), and lactacystin (LAC) (SigmaAldrich, L6785).

2.14 Statistical analysis
All data presented are representative of at least three independent experiments. Results are
presented as mean ± standard deviation (SD). Unpaired Student's t-test was performed. P < 0.05
was considered to be statistically significant. Densitometric analysis of Western blot images was
performed using NIH ImageJ software. Cells were counted using NIH ImageJ or Image-Pro Plus
5.1 software.
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Chapter 3: Cleavage of sequestosome 1/p62 results in disrupted selective
autophagy

3.1

Background
The replication of positive-sense RNA viruses is associated with membranous structures 178.

Previous studies demonstrated the colocalization of viral RNA replication complexes with
autophagosome membrane during poliovirus infection, suggesting a pro-viral mechanism for
autophagy by generating the membrane scaffold for viral RNA replication

179, 180

. To benefit

most from the replication lattice, it was proposed that viruses might block the fusion of
autophagosomes with endosomes/lysosomes. The disruption of autophagy is beneficial to viruses
through enhancing the accumulation of autophagosomes, preventing their own destruction
through the autophagy machinery, and limiting host innate antiviral response via interaction
between viral RNA and the single-stranded RNA sensor Toll-like receptor-7, which is present in
late endosomes and lysosomes 179, 181, 182. Although definite evidence is lacking, this hypothesis
is supported by the observation of abundant large-sized autophagosomes in CVB3-infected
pancreata

182

. These giant autophagosomes are believed to be formed by the coalescence of

smaller autophagosomes due to the blockage of autophagosome-lysosome fusion 182.
The whole process of autophagy, referred to as autophagic flux, can be monitored by various
methods, among which SQSTM1 is a widely used marker as it inversely correlates with
autophagic flux through autophagic degradation

183, 184, 185

receptor protein in mediating selective autophagy

. In addition, SQSTM1 is a key

122, 186, 187

. SQSTM1 contains multiple

functional domains, including an N-terminal Phox/Bem1p (PB1) domain, LIR, and a C-terminal
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UBA domain

122, 186, 187

. The PB1 domain not only allows SQSTM1 to bind to other PB1-

containing proteins, such as atypical protein kinase C, mitogen-activated protein kinase kinase 5,
and caspase 8, but also enables SQSTM1 to self-oligomerize and form aggregates, which is
crucial for its degradation by autophagy

188

. The UBA domain of SQSTM1 interacts directly

with lysine 48- and 63-linked polyubiquitin chains, whereas the LIR domain of SQSTM1 allows
it to bind to LC3, a critical process required for SQSTM1 recruitment into the phagophore 122, 186,
187

. Through interaction with these important domains, SQSTM1 targets ubiquitinated protein

aggregates for autophagic degradation 122, 186, 187.
Apart from selective autophagy, SQSTM1 also plays an essential role in regulating multiple
signaling pathways. The best-studied function of SQSTM1 as a scaffold protein is its role in
activating the NFKB pathway. SQSTM1 activates the NFKB pathway by binding to atypical
protein kinase C, receptor (TNFRSF)-interacting serine-threonine kinase 1, or TRAF6 (tumor
necrosis- associated factor 6, E3 ubiquitin protein ligase) through its PB1, zinc finger (ZZ), or
TRAF6 binding (TB) domains, respectively

189, 190, 191

. Recent studies also suggest an

antioxidative role of SQSTM1 by competitive binding to KEAP1 (kelch-like ECH-associated
protein 1), the negative regulator of transcription factor NFE2L2, resulting in the stabilization of
NFE2L2 and subsequent upregulation of antioxidant genes 192, 193.
Given the functional importance of SQSTM1 in multiple cellular processes, e.g., as a marker
to evaluate autophagic flux, as an adaptor protein in selective autophagy, and as a mediator in
anti-viral signaling pathway, we focus on SQSTM1 in association with viral infection.
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3.2

Specific aims
The purpose of this chapter is to elucidate whether CVB3 infection results in impaired

autophagic flux.
The SPECIFIC AIMS include:
Aim 1. To test protein expression level of SQSTM1 following CVB3 infection
Aim 2. To elucidate the underlying mechanisms responsible for the reduction of SQSTM1
Aim 3. To explore the effects of SQSTM1 cleavage on selective autophagy
Aim 4. To evaluate whether autophagic flux is suppressed following CVB3 infection

3.3

Results

3.3.1

Cleavage of SQSTM1 following CVB3 infection.

To evaluate autophagic flux following CVB3, we first examined protein expression of
SQSTM1 in HeLa cells, a well-characterized model in viral studies. Western blotting showed the
decreased abundance of full-length SQSTM1 (more than 70% reduction at 7 h post-infection as
compared to sham infection), accompanied by the appearance of ~30-kDa fragments using
antibodies against either the C or N terminus of SQSTM1, implicating virus-associated cleavage
of SQSTM1 (Fig. 8A). To determine whether SQSTM1 is transcriptionally downregulated
during CVB3 infection, we conducted real-time quantitative PCR to measure the mRNA
expression of SQSTM1. As shown in Fig. 8B, mRNA levels of SQSTM1 were unaltered
following CVB3 infection, suggesting that the reduced protein expression of SQSTM1 is not due
to decreased mRNA expression.
To verify the cleavage of SQSTM1, cells were transiently transfected with a Flag-tagged
SQSTM1 construct, followed by CVB3 infection. Western blotting revealed the cleavage
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products of transfected SQSTM1 (Fig. 8C), which corresponded well with the observation of
endogenous SQSTM1 cleavage (Fig. 8A), confirming that SQSTM1 is cleaved after CVB3
infection.
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Figure 8. Cleavage of SQSTM1 after CVB3 infection.
(A) Protein expression of SQSTM1 after CVB3 infection. HeLa cells were either sham-infected
or infected with CVB3 for the indicated time points. Western blot analysis was performed to
examine protein expression of SQSTM1, viral capsid protein VP1, and ACTB/-actin (loading
control). Antibodies against either the C terminus (upper panel) or N terminus of SQSTM1
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(lower panel) were used for detection of SQSTM1 as indicated. (B) mRNA expression of
SQSTM1 after CVB3 infection. HeLa cells were infected with CVB3 for 7 h or sham-infected
with PBS. Gene levels of SQSTM1 were measured by real time quantitative PCR and
normalized to GAPDH mRNA (mean ± SD, n=3). (C) Cleavage of SQSTM1 after CVB3
infection. HeLa cells were transiently transfected with either an empty-vector control (pcDNA3)
or a plasmid expressing N-terminal Flag-tagged SQSTM1 for 24 h, followed by sham or CVB3
infection for 7 h. Western blotting was performed to examine the presence of SQSTM1 cleavage
products by detecting N-terminal Flag-SQSTM1 (top) or C-terminal SQSTM1 (middle).
ACTB/-actin (bottom) was used as the loading control. pi, post-infection.

3.3.2

Identification of the SQSTM1 cleavage site.

A compilation of verified substrates has revealed a core consensus sequence
[L/I/MXT/SX GXXX] for enteroviral proteinase 2Apro and [AXXQ GPXX] for
enteroviral proteinase 3Cpro (L, leucine; I, isoleucine; M, methionine; T, threonine; S, serine; A,
alanine; Q, glutamine; G, glycine; P, proline; X stands for any amino acid; , stands for the
scissile site). To identify the cleavage site of SQSTM1, we constructed a series of deletion and
point mutation plasmids based on the consensus sequences and the predicted sizes of the
cleavage fragments. We found that the G241E [the glycine (G) residue at position 241 was
replaced with glutamic acid (E)] and 236-240 deletion mutants were uncleavable after CVB3
infection, suggesting that SQSTM1 is cleaved at glycine 241 (Fig. 9A and B). This cleavage
takes place within the TB domain, resulting in the separation of the N-terminal PB1 and ZZ
domains from the C-terminal LIR, KEAP1-interacting region (KIR), and UBA domains (Fig.
9C). Amino acid sequence alignments of SQSTM1 with other known viral proteinase 2Apro
substrates at the cleavage region revealed a similar cleavage motif, indicating that 2Apro is likely
responsible for SQSTM1 cleavage.
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Figure 9. Identification of the cleavage site on SQSTM1.
(A) Diagrammatic illustration of the SQSTM1 constructs used in this study. The Flag-SQSTM1wild-type (WT), Flag-SQSTM1-Δ236-240 (missing amino acids 236 to 240), and FlagSQSTM1-G241E [glycine (G) at amino acid 241 was replaced by glutamic acid (E)] constructs
are displayed. (B) Identification of the SQSTM1 cleavage site. HeLa cells were transiently
transfected with Flag-SQSTM1-WT, Flag-SQSTM1-236-240 or Flag-SQSTM1-G241E for 24
h, followed by sham or CVB3 infection for 7 h. Western blotting was performed to detect
various forms of SQSTM1 using anti-Flag antibody. ACTB/-actin was examined as a loading
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control. (C) Schematic diagram of SQSTM1 structural domains and the identified cleavage site.
PB1, Phox/Bem1p domain; ZZ, zinc-finger domain; TB, TRAF6 binding domain; LIR, LC3interacting region; KIR, KEAP1-interacting region; UBA, ubiquitin association domain.

3.3.3

Viral proteinase 2Apro is responsible for CVB3-induced SQSTM1 cleavage.

To examine whether viral proteinase 2Apro induces SQSTM1 cleavage, we performed in
vitro cleavage assays. As shown in Fig. 10A, in the presence of purified 2Apro, SQSTM1 protein
in HeLa cell lysates was cleaved, generating cleavage products of SQSTM1 with molecular
weights similar to those observed in CVB3-infected cells. This result indicates that SQSTM1
cleavage during CVB3 infection is mediated through the action of 2Apro. It is noted that the in
vitro cleavage efficiency was not as potent as shown in cells (Figs. 8 and 9). This is likely due to
the fact that in vitro purified 2Apro generally has low activities.
We also explored whether viral proteinase 3Cpro contributes to SQSTM1 cleavage. Fig. 10B
showed that incubation with purified 3Cpro resulted in the cleavage of G3BP1 [GTPase activating
protein (SH3 domain) binding protein 1], a known substrate for 3Cpro

86

. However, SQSTM1

remained intact after treatment with 3Cpro.
In vitro proteolytic cleavage assays have shown that SQSTM1 is a substrate of caspases

194

.

To determine whether caspase activation is responsible for CVB3-mediated cleavage of
SQSTM1, we pretreated cells with z-VAD (50 µM), a general caspase inhibitor. Fig. 10C
showed that caspase inhibition did not prevent SQSTM1 cleavage, indicating that cleavage of
SQSTM1 is caspase-independent.
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Figure 10. Viral proteinase 2Apro is responsible for CVB3-induced SQSTM1 cleavage.
(A, B) Effect of viral proteinase 2Apro and 3Cpro on SQSTM1 cleavage. An in vitro cleavage
assay was conducted as described in Materials and Methods. HeLa cell extracts (50 μg) were
incubated with purified 2Apro (A), 2Apro mutant (A) or 3Cpro (B) for increasing concentrations or
period of time as indicated.

Protein levels of SQSTM1 (using anti-C-terminal SQSTM1

antibody), G3BP1 (a known substrate for enteroviral proteinase 3C), and ACTB/β-actin (loading
control) were analyzed by Western blotting. (C) Effect of caspase inhibition on CVB3-induced
cleavage of SQSTM1. HeLa cells were infected with CVB3 for 7 h in the presence or absence of
zVAD (50 M), a pan caspase inhibitor. Western blotting was performed to examine protein
expression of SQSTM1 using anti-C-terminal SQSTM1 antibody and ACTB/-actin (loading
control). “–”, vehicle-treated.
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3.3.4

Stability and binding activities of SQSTM1 cleavage fragments.

To determine whether the resulting cleavage products of SQSTM1 are targets of autophagy,
cells were treated with BAF, an inhibitor of lysosomal degradation. Upon BAF treatment, protein
expression of noncleaved SQSTM1 was increased as expected (Fig. 11A). However, protein
levels of both N- and C-terminal fragments of SQSTM1 (Fig. 11A) remained unchanged,
indicating that they were not degraded through autophagy. Similar results were observed using
another autophagy inhibitor, NH4Cl (data not shown).
We further explored the functional consequences of SQSTM1 cleavage. As alluded to
earlier, SQSTM1 contains multiple structural domains, including those involved in selective
autophagy of polyubiquitinated substrates. To determine whether the C-terminal fragment of
SQSTM1, which contains intact LIR and UBA domains, is capable of binding to LC3 and
polyubiquitin chain, HeLa cells were co-transfected with Flag-SQSTM1-WT, Flag-SQSTM1-C,
or Flag-SQSTM1-N together with GFP-LC3 (Fig. 11B) or HA-ubiquitin (Fig. 11C).
Immunoprecipitation was conducted to assess the physical association between SQSTM1WT/N/C and LC3 (Fig. 11B) or polyubiquitin chain (Fig. 11C). We showed that full-length
SQSTM1 is capable of binding to both LC3 and polyubiquitinated proteins (Fig. 11B and C), in
line with previous reports

125, 130, 188, 195

. Interestingly, we observed that the C-terminal fragment

of SQSTM1 retained its ability to bind to LC3 (Fig. 11B) but lost its association with
ubiquitinated proteins (Fig. 11C). As expected, the N-terminal fragment of SQSTM1, which
lacks both LIR and UBA domains, failed to interact with LC3 and ubiquitin chain (Fig. 11B and
C).
To determine whether the N-terminal fragment of SQSTM1, which possesses a complete
PB1 domain for self-oligomerization, is able to bind to full-length SQSTM1, we utilized two
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SQSTM1 constructs labeled with Flag and GFP, respectively. HeLa cells were co-transfected
with GFP-SQSTM1-WT together with Flag-SQSTM1-WT, Flag-SQSTM1-N, or Flag-SQSTMC, and immunoprecipitation assay revealed that SQSTM1-N maintained its function in
interacting with SQSTM1-WT, likely through its PB1 domain (Fig. 11D). Both empty vector and
SQSTM1-C failed to bind to full-length SQSTM1 (Fig. 11D).
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Figure 11. Stability and binding activities of SQSTM1 cleavage fragments.
(A) Stability of SQSTM1 cleavage fragments. HeLa cells were either sham-infected or infected
with CVB3 for 7 h in the presence or absence of bafilomycin A1 (BAF, 200 nM), an inhibitor of
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lysosomal degradation. Western blotting was performed to examine protein levels of full-length
and cleaved SQSTM1, with ACTB/-actin as a loading control. “–”, vehicle-treated. (B, C)
Interaction of SQSTM1 truncations with LC3 and ubiquitin. HeLa cells were transiently
transfected with Flag-SQSTM1-N, Flag-SQSTM1-C, Flag-SQSTM1-WT, or an empty vector,
together with GFP-LC3 (B) or HA-ubiquitin (HA-Ub) (C) for 24 h, followed by treatment with
bafilomycin A1 (200 nM) for 8 h. Immunoprecipitation and Western blotting were conducted to
assess the physical association between SQSTM1-WT or SQSTM1-C with LC3 (B) or ubiquitin
(C) as indicated. (D) Interaction of SQSTM1-N with full-length SQSTM1. HeLa cells were
transiently transfected with Flag-SQSTM1-N, Flag-SQSTM1-C, Flag-SQSTM1-WT, or an
empty vector, together with GFP-SQSTM1-WT for 24 h, followed by bafilomycin A1 treatment
as described above. Immunoprecipitation and immunoblot were performed to examine the
interaction between GFP-SQSTM1-WT and Flag-SQSTM1-WT, or Flag-SQSTM1-N, or FlagSQSTM1-C, with the indicated antibodies.

3.3.5

Subcellular distribution of SQSTM1 cleavage fragments.

Next, we assessed the subcellular localization of the truncated SQSTM1 mutants. We first
examined whether SQSTM1-N and SQSTM1-C are able to form aggregates. As shown in Fig.
12A, SQSTM1 punctate structures representing protein aggregates were observed in ~91.01% of
SQSTM1-WT-transfected cells, as compared to ~31.13% and ~7.34% in SQSTM1-N- and
SQSTM1-C-transfected cells, respectively. These results indicate that the ability to form
aggregates was significantly imparied for SQSTM1-N and almost lost for SQSTM1-C.
We then examined whether SQSTM1 truncations interact with LC3 and ubiquitin. Confocal
microscopy images revealed the punctate colocalization of transfected SQSTM1-WT with LC3
(53.38%, Fig. 12B upper panels) and SQSTM1-WT with ubiquitin (91.59%, Fig. 12C upper
panels), in agreement with previous reports 125, 130, 188, 195. However, in cells expressing SQSTM1
truncations, the colocalization ratio was considerably decreased, i.e., 0.57% and 8.77% between
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LC3 and SQSTM1-N and SQSTM1-C, respectively, as well as 11.94% and 10.12% between
ubiquitin and SQSTM1-N and SQSTM1-C, respectively (Fig. 12B and C). These results
indicate that the association between SQSTM1-N and SQSTM1-C with LC3 and ubiquitin within
the punctate structures was disrupted.
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Figure 12. Cellular localization of SQSTM1 cleavage fragments.
(A) Subcellular distribution of SQSTM1 truncations. HeLa cells were transiently transfected
with Flag-SQSTM1-WT, Flag-SQSTM1-C or Flag-SQSTM1-N construct for 24 h, followed by
8 h treatment with bafilomycin A1 (200 nM). Immunocytochemical staining was performed
using anti-Flag antibody. Cell images were captured using a fluorescence microscope (upper
panels) and a confocal microscope (lower panels). The percentage of cells with punctate
SQSTM1 staining over the total number of SQSTM1-positive cells (n) was calculated and
presented. (B, C) Colocalization of SQSTM1 truncations with LC3 or ubiquitin. HeLa cells were
transfected with GFP-LC3 construct (B) or HA-ubiquitin (C), together with Flag-SQSTM1-WT,
Flag-SQSTM1-N, or Flag-SQSTM1-C. Immunocytochemical staining was carried out using
anti-Flag (B) or anti-Flag/anti-HA (C) antibody and cell images were captured by confocal
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microscopy. The nucleus was counterstained with DAPI. The percentage of cells with puncta
colocalization over the total number of cotransfected cells (n) is displayed.

3.3.6

Effects of SQSTM1 cleavage products on the formation of insoluble ubiquitin

conjugates.
A role for SQSTM1 has been implicated in the formation of inclusion bodies and
aggresomes

123, 190

. The major components of inclusion bodies and aggresomes are misfolded

proteins and ubiquitin conjugates, which are present in the insoluble fractions of the cell lysates
and are normally targeted as substrates for autophagic degradation. To examine the effects of the
cleavage fragments of SQSTM1 on the abundance of insoluble ubiquitin conjugates, HeLa cell
were transfected with SQSTM1-WT, SQSTM1-N, or SQSTM1-C plasmid. Cell lysates were
fractionated as Triton X-100-soluble and -insoluble parts. We found that the levels of
ubiqutinated proteins in Triton X-100-soluble fractions appeared no different among the groups
(Fig. 13, upper panels). We further demonstrated that SQSTM1-WT facilitated the formation of
insoluble ubiquitin conjugates, whereas SQSTM1-N and -C fragments lost this property of native
SQSTM1 (Fig. 13, lower panels), suggesting that cleavage of SQSTM1 results in defects in the
removal of ubiquitined protein aggregates through the autophagy pathway.
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Figure 13. Effects of SQSTM1 cleavage products on the formation of insoluble ubiquitinconjugates.
HeLa cells were transiently transfected with Flag-SQSTM1-WT, Flag-SQSTM1-N or FlagSQSTM1-C construct for 48 h, followed by isolation of Triton X-100-soluble and -insoluble
fractions as described in Materials and Methods. The levels of ubiquitin-conjugates in Triton X100-soluble and -insoluble fractions were analyzed by Western blotting using anti-ubiquitin
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antibody. ACTB/β-actin and ACTN/α-actinin were used as loading controls for Triton X-100soluble and -insoluble fractions, respectively.

3.3.7

Effects of SQSTM1 cleavage products on NFKB activity and NFE2L2 expression.

As mentioned in the Introduction, full-length SQSTM1 is capable of activating transcription
factor NFKB

189, 190, 191

. To investigate whether cleavage fragments sustain this function of

SQSTM1, HeLa cells were transfected with SQSTM1-WT, SQSTM1-N, or SQSTM1-C plasmid,
together with an NFKB firefly luciferase reporter construct and a renilla luciferase construct for
48 h, followed by luciferase and renilla luminesence detection. Fig. 14A showed that NFKB
activity was significantly increased in cells overexpressing SQSTM1-WT. However, in
SQSTM1-N or SQSTM1-C transfected cells, NFKB activity remained unchanged.
It was previously reported that overexpression of SQSTM1 results in stabilization of
antioxidant transcription factor NFE2L2 by competing for NFE2L2-KEAP1 interaction via its
KIR domain

192, 193

. KEAP1 is a component of the CUL3/cullin 3 ubiquitin ligase, targeting

NFE2L2 for ubiquitination and then proteasomal degradation.9,10 To explore the effects of
SQSTM1 truncations on protein levels of NFE2L2, we transfected SQSTM1-WT, SQSTM1-N
and SQSTM1-C into HeLa cells and examined NFE2L2 abundance in the nuclear fractions.
Arsenite-treated HeLa cells were used as positive controls. Results presented in Fig. 14B
revealed that overexpression of SQSTM1-WT resulted in increased levels of NFE2L2. We
further showed that SQSTM1-C which possesses an intact KIR domain retained this function of
SQSTM1-WT (Fig. 14B). As expected, SQSTM1-N was unable to promote NFE2L2
upregulation (Fig. 14B).
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Figure 14. Effects of SQSTM1 cleavage fragments on NFKB activities and NFE2L2 protein
levels.
(A) Effects of SQSTM1 truncations on NFKB luciferase activities. HeLa cells were transfected
with Flag-SQSTM1-WT, Flag-SQSTM1-N, Flag-SQSTM1-C, or an empty vector for 48 h.
NFKB luciferase activity was measured as described in Materials and Methods. Results are
presented as mean ± SD (n=3). *p < 0.01 compared to vector control. (B) Effects of SQSTM1
truncations on protein levels of NFE2L2. HeLa cells were transfected with Flag-SQSTM1-WT,
Flag-SQSTM1-N, Flag-SQSTM1-C, or an empty vector for 48 h. Cells treated with 10 µM
sodium arsenite for 18 h were used as a positive control. Cell fractionation was performed and
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the nuclear fractions were subjected to Western blot analysis with the antibodies specified.
Histone H1 was probed as a loading control for nuclear proteins.

3.3.8

Roles of SQSTM1 in viral replication and release.

Previous research has demonstrated that SQSTM1-mediated selective autophagy is a host
defense mechanism against Sindbis viral infection

173

. To determine whether SQSTM1 plays a

role in CVB3 replication and release, we overexpressed or knocked down SQSTM1. Fig. 15A
and B showed that neither overexpression nor knockdown of SQSTM1 affected viral protein
expression and viral progeny release, suggesting that loss of SQSTM1 may not contribute
directly to successful viral replication.
We further examined the impact of SQSTM1 mutants on viral replication and release.
Considering that HeLa cells express basal levels of SQSTM1 protein, which may interfere with
the effect of transfected SQSTM1 truncations or cleavage-resistant mutant, we utilized sqstm1-/mouse embryonic fibroblasts (MEFs) for this study. MEFs were transfected with Flag-SQSTM1WT, Flag-SQSTM1-N, Flag-SQSTM1-C, Flag-62-G241E or an empty vector for 24 h, followed
by CVB3 infection for 18 h. Fig. 15C showed that viral protein expression and progeny
production were not apparently changed among different MEF groups, indicating that cleavage
of SQSTM1 may not have a direct benefit to coxsackieviral replication and release.
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Figure 15. Effects of SQSTM1 cleavage on viral replication and release.
(A) Effects of overexpression of SQSTM1-WT on viral replication in HeLa cells. Cells were
transiently transfected with either a control vector or an Flag-tagged SQSTM1 construct for 24 h,
followed by CVB3 infection for 7 h. Western blotting was performed to examine protein
expression of VP1, SQSTM1, and ACTB/-actin (loading control). A plaque assay was
employed to measure extracellular viral titers (mean ± SD, n=3). (B) Effects of knockdown of
endogenous SQSTM1 on viral replication in HeLa cells. Cells were transfected with SQSTM1
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siRNA (si-SQSTM1, 100 nM) or scramble siRNA (si-control) for 48 h, followed by CVB3
infection for 7 h. Western blot analysis and plaque assay were performed as described above. (C)
Effects of various forms of SQSTM1 mutants on viral replication and release in sqstm1-/- MEFs.
MEFs were transfected with Flag-SQSTM1-WT, Flag-62-G241E, Flag-SQSTM1-C, FlagSQSTM1-N or an empty vector (control) for 24 h, followed by CVB3 infection for 18 h. Western
blot analysis (upper two panels) and plaque assay (lower panel) were performed as described
above.

3.3.9

Monitoring Autophagic flux during CVB3 infection.

As we found that the protein level of SQSTM1 is also regulated by proteinase 2Apromediated proteolytic degradation, SQSTM1 does not serve as an accurate marker of autophagic
flux during CVB3 infection. We therefore utilized an mRFP-EGFP-LC3 stably expressing
HEK293 cell line to monitor autophagic flux. The conversion of fluorescence in the tandem
fluorescent-tagged cell line is very instrumental to track autophagy dynamics

196, 197, 198

. Unlike

mRFP, EGFP is unstable in low-pH environment and is quenched in the acidic lysosomes upon
autophagosome-lysosome fusion. Thus, yellow fluorescence (overlap of green and red signals)
represents autophagosomes, while red only fluorescence represents autolysosomes

185

. The

mRFP-EGFP-LC3 stable HEK293 cells were infected with sham or CVB3 in the presence or
absence of BAF, a vacuolar-type H+ ATPase inhibitor to block autophagosome and lysosome
fusion. Starvation is a potent stimulator of autophagy with enhanced autophagic flux

185

.

Therefore, starvation in combination with BAF treatment was used as a positive control to show
the blockage of autophagic flux. Confocal images showed that BAF has no effects on the
colocalization of EGFP-LC3 and mRFP-LC3 puncta after CVB3 infection (Rr Ratio of CVB3:
CVB3+BAF=0.89: 0.89) as compared to control groups where colocalization of EGFP-LC3 and
mRFP-LC3 puncta were dramatically enhanced after BAF treatment (Rr Ratio of Sham: Sham+
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BAF=0.31: 0.84; Starvation: Starvation+ BAF=0.37: 0.86) (Fig. 16A), suggesting that
autophagic flux is impaired during CVB3 infection. Similar results were obtained in HeLa cells
transiently transfected with the mRFP-EGFP-LC3 construct (data not shown). Consistent with
the immunofluorescence data, Western blotting demonstrated that LC3-II protein level did not
further increase upon BAF treatment after CVB3 infection, unlike that in starvation or sham
group (Fig. 16B).
To further confirm the blockage of autophagic flux, we utilized the non-cleavable form of
SQSTM1 (SQSTM1-G241E). Stable HEK293 cells were transfected with SQSTM1-G241E,
followed by starvation or CVB3 infection. As expected, starvation results in autophagic
degradation of SQSTM1-G241E (Fig. 16C). In contrast, non-cleavable SQSTM1-G241E was
accumulated (Fig. 16D) after CVB3 infection, confirming that autophagic flux is blocked.
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Figure 16. Autophagic flux during CVB3 infection.
(A and B) mRFP-EGFP-LC3 stable HEK293 cells were sham- or CVB3-infected at MOI=20 for
7 h in the presence or absence of vacuolar-type H+ ATPase bafilomycin (BAF, 20 µM) since 1 h
post infection (p.i.). Cells were serum starved (DMEM without 10% FBS) in the presence or
absence of BAF for 6 h. The nucleus was counterstained with DAPI. Cell images were captured
by confocal microscopy. Colocalization between GFP-LC3 and mRFP-LC3 puncta was
quantified using Image-Pro Plus 5.1 software and presented as Pearson Correlation (Rr, Rr=1,
perfect colocalization; Rr=0, random/no colocalization) (A). Protein expression of autophagy
markers LC3-I, II, and viral capsid protein VP1 were tested by Western blotting. ACTB was
probed as a loading control. Densitometric analysis was performed using ImageJ software. The
numbers presented were relative protein density over references (where indicated as 1.0) after
normalization to ACTB (B). (C and D) HeLa cells were transiently transfected with noncleavable Flag-SQSTM1-G241E, in which glycine (G) residue at position 241 was replaced with
glutamic acid (E) residue. Twenty-four hours post transfection, cells were treated with starvation
(C) or CVB3 infection (D) for indicated periods of time. Exogenous expression of FlagSQSTM1-G241E was measured by Western blotting using anti-Flag antibody. Quantification
was performed as described above.

3.4

Discussion
Our previous study demonstrated that CVB3 infection induces dramatic increase of

autophagosomes and autophagy marker protein LC3-II

164

. Given that autophagy is a dynamic

process basically composed of induction and degradation, the accumulation of autophagosomes
and LC3-II could be attributed to enhanced production, impaired degradation, or both. We
previously showed the activation of autophagy upstream signaling pathway, suggesting that
enhanced production contributes at least partly to the accumulation of autophagosomes

164

.

However, whether autophagy pathway is complete after CVB3 infection remains unknown.
Several studies utilized SQSTM1 as a marker of autophagic degradation in enteroviral infections
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and found a reduction of SQSTM1

199, 200, 201

. Similarly, our study also found the decreased

protein level of SQSTM1; however, the decline of SQSTM1 is not due to enhanced autophagic
degradation, but due to CVB3 proteinase 2Apro-mediated proteolytic cleavage. Thus, cautions
should be taken when using SQSTM1 to measure autophagic flux during viral infection. Using a
combination of different techniques, including a tandem fluorescent-tagged cell line and a noncleavable SQSTM1-based method, we provide solid evidence supporting that autophagy flux is
suppressed following CVB3 infection. However, we did not observe any megaphagosomes that
were found in pancreatic cells

182

, implying that the formation of megaphagosomes may be cell-

specific.
CVB3 infection not only impairs autophagic flux, but also disrupts selective autophagy. The
protein degradation system acts as a critical component of protein quality control by removing
terminally misfolded proteins/aggregates. Increasing evidence has revealed that aberrant protein
degradation plays an important role in the development of many human diseases. Misfolded
protein aggregates are frequently detected in neurodegenerative, liver, and heart diseases and are
thought to be toxic to cells

57, 202, 203

. We have previously demonstrated an abnormal

accumulation of ubiquitin conjugates in CVB3-infected cells and tissues, suggesting that
defective protein degradation may contribute to viral pathogenesis

60, 61, 204

. However, the

underlying mechanisms regarding how protein conjugates are formed during CVB3 infection
remain largely undetermined.
Although the functional role and the precise mechanism of SQSTM1 in selective autophagy
still need rigorous evaluation, SQSTM1 has been suggested to act as an autophagy receptor
targeting ubiquitinated proteins for autophagosome-lysosome degradation. When autophagy is
deficient, SQSTM1 and ubiquitin conjugates accumulate to form aggregates that are often
60

observed in pathological inclusion bodies

205

. In this study, we explored autophagic flux during

CVB3 infection and the link between CVB3 infection and SQSTM1-mediated selective
autophagy. Our major findings in the present study are: (1) receptor protein SQSTM1 is cleaved
in the course of CVB3 infection; (2) CVB3-encoded proteinase 2Apro is responsible for the
cleavage of SQSTM1; (3) cleavage of SQSTM1 occurs within the TB domain, leading to the
dissociation of the N-terminal PB1 and ZZ domains from the C-terminal UBA, LIR, and KIR
domains; (4) SQSTM1 truncations lose the function of full-length SQSTM1 in mediating
selective autophagy; and (5) cleavage products of SQSTM1 retain the activity of SQSTM1 in
stabilizing NFE2L2, but fail to regulate NFKB activation; (6) Autophagic flux is suppressed
during CVB3 infection.
In our previous publication, we showed that SQSTM1 protein levels were not apparently
decreased in the course of CVB3 infection using anti-N-terminal SQSTM1 antibody

164

. There

are three possible explanations for the discrepancy between the current finding and the earlier
report. First, the western blot might be overexposed in the previous study, so the difference in
protein expression was not clearly visible. Second, due to the difference in cell and experimental
conditions, the amount of produced viral proteinases might vary between experiments. Third, we
found that the binding affinity and the specificity of different batches of anti-SQSTM1-N
antibody were different.
It is known that SQSTM1 facilitates the formation of ubiquitinated protein aggregates (also
known as SQSTM1 bodies or sequestosomes) prior to delivering them to the phagophore for
degradation 123, 206. Two structural domains of SQSTM1, PB1 and UBA, play critical roles in this
process of selective autophagy 188. It was reported that self-oligomerization via the PB1 domain
is required for the formation of ubiquitin-positive inclusions
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207, 208

. In addition, recognition and

recruitment of the substrate protein through its UBA domain also participate in this process

188

.

Our findings in the present study showed that the number of cells with punctate structures is
considerably lower in SQSTM1-N- or SQSTM1-C-expressing cells (31.13% and 7.34%,
respectively) as compared to SQSTM1-WT-expressing cells (91.02%), supporting the notion that
both the PB1 and UBA domains are required for SQSTM1- mediated protein aggregate
formation.
Immunoprecipitation assay demonstrated the physical interaction between SQSTM1-C and
LC3; however, immunocytochemical staining showed that the colocalization rate of SQSTM1-C
and LC3 within the punctate structures was largely reduced as compared to the association
between SQSTM1-WT and LC3 (8.77% versus 53.38%). This observation appears to be a
reflection of the reduced ability of SQSTM1-C to form protein aggregates.
SQSTM1 is degraded via the autophagic pathway together with ubiquitinated proteins. As a
result of CVB3 infection, we found that both N- and C-terminal cleavage fragments of SQSTM1
are not degraded through the autophagic pathway. While this finding is not surprising for
SQSTM1-N, it is interesting to note that SQSTM1-C that contains intact LIR and UBA domains
is also resistant to lysosome-mediated degradation. This discovery indicates that other functional
domain(s) at the N terminus of SQSTM1 are also required for the recruitment and/or degradation
of SQSTM1. Indeed, it was recently reported that self-oligomerization of SQSTM1 mediated by
its PB1 domain is crucial for its localization to phagophores 207. It is therefore reasonable to think
that the SQSTM1-C fragment is unable to be recruited to the autophagosome formation site due
to the lack of the PB1 domain.
Another interesting observation in this study is that while the SQSTM1-C fragment contains
a complete UBA, pull-down assay failed to detect the presence of polyubiquitinated proteins.
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Immunostaining also revealed that the percentage of cells with punctate colocalization of
SQSTM1-C and ubiquitin was considerably lower than that in SQSTM1-WT-expressing cells
(10.12% versus 91.59%). It was previously shown that the interaction between the TB domain of
SQSTM1 and TRAF6 is required for polyubiquitination of the substrate proteins associated with
the UBA domain of SQSTM1 189, 195. The binding partner of the TB domain, TRAF6, is a RING
finger ubiquitin ligase that catalyzes lysine 63 (K63)-linked ubiquitination of target proteins

209

.

Thus, it is speculated that failure to discover the association between SQSTM1-C and ubiquitin
conjugates is a result, at least in part, of the absence of the TB domain and its associated
ubiquitin ligase.
SQSTM1 has been identified as a key regulator of the NFKB signaling. Among the three
functional domains (PB1, ZZ, and TB) that were previously reported to be involved in the
activation of the NFKB pathway

210, 211

. The TB domain of SQSTM1 appears to be the major

driver for NFKB activation. It was shown that interaction between the TB domain of SQSTM1
and the TRAF6 protein facilitates K63-linked auto-ubiquitination of TRAF6 and subsequent
NFKB activation 189, 191. In this study, we discovered that SQSTM1 is cleaved at amino acid 241
within the TB domain (amino acids 225 to 250). It is therefore plausible to assume that an
incomplete TB domain results in loose association of SQSTM1 with, or complete dissociation of
SQSTM1 from, TRAF6, which corresponds with our observation that both N- and C-terminal
fragments of SQSTM1 are incapable of activating NFKB. It is well documented that NFKB
pathway plays a critical role in antiviral innate immunity and cell survival

212

. Inability to

activate this pathway may represent a viral strategy to stymie the host defense mechanism.
Future investigation is warranted to further understand the role of cleavage of SQSTM1 in innate
immunity using animal models.
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Apart from its function in protein quality control, autophagy also plays a crucial role in viral
infectivity

213

pathogens

214, 215

. Autophagy is traditionally considered as a host defense mechanism for clearing
. However, some viruses can subvert this host antiviral machinery to promote

their own replication

213

. We demonstrate that CVB3 infection induces the formation of double-

membrane structures termed autophagosomes

164

. Blockage of autophagy effectively inhibits

viral replication, whereas induction of autophagosome formation promotes viral replication,
suggesting that the autophagosome is an important cellular apparatus required for CVB3
replication

164

. However, in this study, we found that neither knockdown nor overexpression of

various forms of SQSTM1 has an effect on viral replication and release, indicating that inhibition
of SQSTM1 function is unlikely a viral strategy to establish efficient viral replication in host
cells.
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Chapter 4: Dominant-negative function of the C-terminal fragments of NBR1
and SQSTM1 generated during CVB3 infection

4.1

Background
NBR1 is a functional homolog of SQSTM1 in mediating selective autophagy. Despite the

difference of its primary sequence and size from those of SQSTM1, NBR1 shares a similar
domain structure with SQSTM1, both containing PB1, ZZ, LIR, and UBA domains

216

(Figure.

17). Depending on the characteristics of the substrates, NBR1 and SQSTM1 work either
independently or cooperatively with each other. It was reported that autophagic clearance of
bacteria, such as Salmonella and Listeria, requires SQSTM1, but not NBR1

217

. In contrast,

NBR1 alone is sufficient to target peroxisomes to lysosomes for degradation in the absence of
SQSTM1, but SQSTM1 increases the efficiency of NBR1-mediated pexophagy218. NBR1 can
also work in concert with SQSTM1 to remove ubiquitinated cargo

124, 216

. The observation that

deletion of SQSTM1 fails to induce the accumulation of ubiquitinated proteins implies a possible
compensatory role for NBR1 when the function of SQSTM1 is compromised 131, 190.

Figure 17. Domain architecture of SQSTM1 and NBR1.
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SQSTM1 and NBR1 are different in size, but share similar functional domains. PB1, Phox and
Bem1 domain; ZZ, zinc-finger domain; TB, TRAF6-binding domain; LIR, LC3-interacting
region; UBA, ubiquitin-associated domain; CC, coiled-coil domain. N-terminal PB1 domain, Cterminal LC3, and UBA domains form the structural basis for selective degradation of ubiquitintagged substrates through autophagy pathway.

4.2

Specific aims
The purpose of this chapter is to determine whether NBR1 could compensate for the

compromised functions of SQSTM1 following coxsackievirus infection.
The SPECIFIC AIMS include:
Aim 1. To test whether NBR1 is cleaved following CVB3 infection
Aim 2. To identify the proteinases responsible for NBR1 cleavage and the cleavage sites
Aim 3. To study the functional alterations of the cleavage fragments of SQSTM1 and
NBR1, with a particular focus on the gain-of-functions

4.3

Results

4.3.1

Cleavage of NBR1 following CVB3 infection.

We have previously demonstrated that SQSTM1 is cleaved during coxsackievirus infection,
resulting in the disruption of the function of SQSTM1

219

. Since NBR1 may play a

compensatory role for the loss of SQSTM1, we examined NBR1 expression after CVB3
infection. We found that NBR1 was also potentially cleaved after CVB3 infection, generating at
least two cleavage fragments (~100kDa and ~50kDa, respectively) using an anti-N-terminal
NBR1 antibody (Fig. 18A). mRNA expression of NBR1 appeared unaltered after CVB3
infection (Fig. 18B).
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To verify the cleavage of NBR1, cells were transiently transfected with an HA-tagged
NBR1 construct, followed by CVB3 infection. The cleavage products of exogenous NBR1
detected by an anti-HA antibody (Fig. 18C) corresponded well with those of the endogenous
NBR1 (Fig. 18A), confirming that NBR1 is cleaved after CVB3 infection.
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Figure 18. Cleavage of NBR1 following CVB3 infection.
(A) Protein level of NBR1 after CVB3 infection. HeLa cells were sham-infected with PBS or
infected with CVB3 for indicated times at a multiplicity of infection (MOI) of 10. Western blot
analysis was performed to examine the expression of NBR1 using anti-N-terminal NBR1
antibody which recognizes amino acids 1~150 (Santa Cruz Biotechnologies), viral capsid protein
VP1, and ACTB/-actin (loading controls). (B) mRNA expression of NBR1 after CVB3
infection. HeLa cells were either sham-infected or infected with CVB3 for 7 h. mRNA
expression of NBR1 was examined by real time quantitative PCR and normalized to GAPDH
mRNA (mean ± SD, n=3). (C) Cleavage of NBR1 after CVB3 infection. HeLa cells were
transiently transfected with a plasmid expressing HA-tagged NBR1 for 24 h, followed by CVB3
infection for 7 h. Western blotting was carried out to examine expression levels of exogenous
NBR1 using anti-HA antibody which recognizes the N terminus of NBR1. For size comparison,
Western blotting of endogenous NBR1 using anti-N-terminal NBR1 antibody was presented on
the left lane. Protein expression of ACTB/-actin was measured as the loading control. pi, postinfection.

4.3.2

Cleavage of NBR1 is mediated by coxsackieviral proteinases 2Apro and 3Cpro.
To explore whether coxsackievirus proteinases are responsible for NBR1 cleavage, we

performed in vitro cleavage assays using purified coxsackieviral 2Apro and 3Cpro. We showed
that incubation of cell lysates with purified 2Apro and 3Cpro resulted in the time-dependent
68

generation of NBR1 cleavage products of ~50kDa and ~100kDa, respectively, similar to those
observed in CVB3-infected cells (Fig. 19A & B). 2Apro mutant failed to induce the cleavage of
NBR1 (Fig. 19A). These results suggest that the cleavage of NBR1 is mediated by both
coxsackieviral 2Apro and 3Cpro.
As CVB3 infection results in caspase activation

220

, we further examined whether caspase

activation plays a role in the cleavage of NBR1. Fig. 19C showed that treatment with a pan
caspase inhibitor Z-VAD-FMK inhibited CVB3-induced caspase-3 cleavage, but did not block
the production of NBR1 cleavage fragments, indicating that cleavage of NBR1 is independent of
caspase activity.
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Figure 19. Cleavage of NBR1 by coxsackieviral proteinases 2Apro and 3Cpro.
(A, B) Effect of viral proteinase 2Apro and 3Cpro on NBR1 cleavage by in vitro cleavage assay.
Fifty microgram of protein extracts from HeLa cells were incubated with 0.1 µg of purified
coxsackieviral 2Apro (A), 0.1 µg of catalytic 2Apro mutant (A), or 0.1 µg of 3Cpro (B) for
increasing periods of time as indicated. (C) Effect of general caspase inhibition on CVB3induced NBR1 cleavage. HeLa cells were infected with CVB3 for 7 h with or without pan
caspase inhibitor Z-VAD-FMK (50 M). Western blotting was performed to examine protein
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expression of NBR1 using anti-N-terminal NBR1 antibody, VP1, cleaved caspase-3, and
ACTB/-actin (loading control). “–”, vehicle control.

4.3.3

Identification of the cleavage sites on NBR1.

Using a computer server for prediction of cleavage sites by enteroviral proteinases
(NetPicoRNA V1.0 algorithm), we found two potential cleavage sites by viral proteinase 3Cpro
around the C-terminus of NBR1: residue 682 (FALPE/GPLG) and residue 612 (EEENE/GAGF),
which result in the production of a protein of ~100kDa, consistent with the high molecular
weight fragment detected in CVB3-infected cells. To determine the precise cleavage site, we
constructed two NBR1 point mutants [NBR1-E682K and NBR1-E612K, in which glutamic acid
(E) residue was replaced with lysine (K) residue]. Fig. 20A showed that the ~100kDa cleavage
fragment disappeared, while the ~50kDa fragment remained in cells expressing NBR1-E682K,
indicating that E682 is a cleavage site on NBR1 after CVB3 infection (Fig. 20A).
Amino acid sequence alignment of NBR1 with other known viral proteinase 2Apro
substrates, including SQSTM1, reveals a potential cleavage motif (MKNTG at residues 398-402)
on NBR1. To determine whether NBR1 is cleaved at T/G, we constructed a point mutation
plasmid NBR1-G402E, in which glycine (G) residue at position 402 was replaced with glutamic
acid (E) residue. As shown in Fig. 20B, the cleavage fragment (~50kDa) disappeared and the
level of the ~100kDa fragment was reduced in cells expressing mutant NBR1 comparing with
cells expressing wildtype NBR1. This result suggests that NBR1 is primarily cleaved between
T401 and G402, likely via the action of viral proteinase 2Apro. Schematic diagram presented in
Fig. 20C shows NBR1 structural domains, the identified cleavage sites on NBR1, and the
resulting cleavage fragments.
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Figure 20. Identification of the cleavage sites on NBR1.
(A, B) Identification of NBR1 cleavage sites. HeLa cells were transiently transfected with HANBR1-WT, HA-NBR1-G402E [glycine (G) at amino acid 402 was replaced by glutamic acid
(E)] (A), or HA-NBR1-E682K [glutamic acid (E) at amino acid 682 was replaced by lysine (K)]
(B) for 24 h, followed by sham or CVB3 infection for 7h. Western blotting was performed to
detect various forms of NBR1 using anti-HA antibody. Protein level of ACTB/-actin was
examined as a loading control. (C) Schematic diagram of the structural domains and the
identified cleavage sites on NBR1. PB1, Phox/Bem1p domain; ZZ, zinc-finger domain; CC,
coiled-coil domain; LIR, LC3-interacting region; UBA, ubiquitin association domain.

4.3.4

Dominant-negative effects of the C-terminal cleavage fragments of SQSTM1 and

NBR1.
We have previously shown that cleavage of SQSTM1 as a consequence of CVB3 infection
leads to the loss of the function of full-lengh SQSTM1 219. Here we further investigated whether
the cleavage products have toxic gain-of-function properties. In this study, we focused on the Cterminal fragment of SQSTM1 (SQSTM1-C) since it retains intact LIR and UBA domains, but
lacks the critical structures at the N-terminus which are essential for its function in selective
autophagy (Fig. 21A). Our hypothesis was that the C-terminal cleavage product of SQSTM1 acts
as a dominant-negative mutant by competing with the native SQSTM1 for LC3 and ubiquitin
chain binding.
Misfolded proteins and damaged organelles in the cells usually undergo ubiquitination and
are present in detergent-insoluble fractions of the cell extracts. Similar to our previous
observation

219

, triton-insoluble ubiquitin conjugates were accumulated in cells overexpressing

SQSTM1-WT (Fig. 21B & C). Interestingly, we found that SQSTM1-WT-mediated insoluble
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aggregate formation was blocked in the presence of SQSTM1-C (Fig. 21B & C). Consistent with
this observation, we showed that SQSTM1-WT was translocated from the triton-insoluble
fractions to triton-soluble parts in cells overexpressing SQSTM1-C (Fig. 21B & C).
We further explored the impacts of SQSTM1-C on the ability of native SQSTM1 to form
aggregates. HeLa cells were co-transfected with GFP-SQSTM1-WT together with FlagSQSTM1-WT, Flag-SQSTM1-N, or Flag-SQSTM1-C. Fig. 21D showed that the number of cells
with GFP puncta was greatly reduced in cells co-expressing Flag-SQSTM1-C compared with
cells co-expressing Flag-SQSTM1-WT, i.e., 29.93% versus 79.19% (p<0.05). SQSTM1-N
appeared to have no effects on WT-SQSTM1-induced protein aggregate formation, i.e., 74.82%
versus 79.19% (p>0.05) (Fig. 21D). Together, our results suggest a dominant-negative effect of
SQSTM1-C on the function of native SQSTM1 in ubiquitin aggregate formation.
Finally, we examined the effects of the SQSTM1-C on selective autophagy. Since both
SQSTM1 and NBR1 are targets of selective autophagy themselves, we then assessed protein
levels of endogenous SQSTM1 and NBR1 in cells expressing SQSTM1-C. The results shown in
Fig. 21E demonstrated that expression of SQSTM1-C led to an accumulation of full-length
SQSTM1 and NBR1, indicating an inhibitory effect of the SQSTM1-C on selective autophagy.
Similarly, we found that overexpression of 3C-NBR1-C (3Cpro-induced C-terminal fragment
of NBR1) resulted in an increased accumulation of endogenous SQSTM1 (Fig. 22). However,
this effect appeared to be specific for 3C-NBR1-C as 2A-NBR1-C (2Apro-induced C-terminal
fragment of NBR1) failed to induce the accumulation of SQSTM1 (Fig. 22).
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Figure 21. Dominant-negative effect of SQSTM1-C on native SQSTM1-mediated selective
autophagy.
(A) Schematic diagram of the structural domains and the identified cleavage site on SQSTM1.
PB1, Phox/Bem1p domain; ZZ, zinc-finger domain; TB, tumor necrosis-associated factor 6
binding domain; CC, coiled-coil domain; LIR, LC3-interacting region; KIR, keap1-interacting
region; UBA, ubiquitin association domain. (B, C) SQSTM1-C inhibits native SQSTM1mediated formation of insoluble ubiquitin conjugates. HeLa cells were transiently transfected
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with an empty vector, SQSTM1-WT, SQSTM1-C alone, or SQSTM1-WT together with
SQSTM1-C for 48 h as indicated, followed by isolation of Triton X-100-soluble and -insoluble
fractions. The levels of ubiquitin conjugates in Triton X-100-soluble (B) and -insoluble fractions
(C) were analyzed by Western blotting using anti-ubiquitin antibody. Protein expressions of
ACTB/β-actin (B) and ACTN/α-actinin (C) were examined as loading controls for Triton X-100soluble and -insoluble fractions, respectively. (D) SQSTM1-C blocks the function of native
SQSTM1 in promoting protein aggregate formation. HeLa cells were co-transfected with GFPSQSTM1-WT, together with pcDNA empty vector, Flag-SQSTM1-WT, Flag-SQSTM1-N, or
Flag-SQSTM1-C for 48 h. Immunocytochemical staining was performed using anti-Flag
antibody. The nucleus was counterstained with DAPI. Cell images were captured by confocal
microscopy. The percentage represents the ratio of cells with GFP-SQSTM1 puncta relative to
Flag-SQSTM1-WT, -N, or –C co-expressing cells (mean ± SD, n=3~5 images, with 35 to 90 coexpressing cells in total in each image). *, p=0.002 compared to SQSTM-WT control, by
Student’s t test. (E) Expression of SQSTM1-C results in an increased accumulation of
endogenous full-length SQSTM1 and NBR1. HeLa cells were transiently transfected with empty
vector or SQSTM1-C for 48 h. Western blot analysis was performed to examine the expression
of endogenous SQSTM1 and NBR1, as well as SQSTM1-C as indicated. Expression of ACTB/βactin was measured as the loading control.

Figure 22. Overexpression of the C-terminal 3Cpro-mediated cleavage product of NBR1
causes an accumulation of native SQSTM1.
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HeLa cells were transiently transfected with an empty vector, Flag-2A-NBR1-C (C-terminal
cleavage fragment of NBR1 induced by 2Apro), Flag-3C-NBR1-C (C-terminal cleavage fragment
of NBR1 induced by 3Cpro), alone or in combination for 48 h. Western blot analysis was
performed to examine the expression of endogenous SQSTM1, NBR1-C and ACTB/β (loading
control).

4.3.5

Mutual regulation of SQSTM1 and NBR1 expression.

The similarities in the structure and function between SQSTM1 and NBR1 prompted us to
question whether SQSTM1 and NBR1 are reciprocally regulated during CVB3 infection and if
depletion of SQSTM1 results in a compensatory upregulation of NBR1 protein. The data
presented in Fig. 23 demonstrated that overexpression of SQSTM1 (or NBR1) resulted in
increased protein level of NBR1 (or SQSTM1) (both non-cleaved and cleaved forms) (Fig. 23A
& C), whereas knockdown of SQSTM1 (or NBR1) led to reduced protein expression of NBR1
(or SQSTM1) (both non-cleaved and cleaved forms) (Fig. 23B & D). To further determine
whether the mutual regulation of SQSTM1 and NBR1 occurs at the transcriptional level, we
examined mRNA expression of SQSTM1 and NBR1. We showed that the mRNA level of
SQSTM1 (or NBR1) was not significantly altered when NBR1 (or SQSTM1) was overexpressed
or knocked down (Fig. 23E-H), suggesting that SQSTM1 and NBR1 are reciprocally regulated
at the post-transcriptional level. Together, these results suggest that the loss of the function of
one autophagic adapter protein during CVB3 infection is unlikely to be compensated by the
other.
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Figure 23. Reciprocal regulation of SQSTM1 and NBR1.
(A, B) Effects of overexpression or knockdown of SQSTM1 on NBR1 protein expression. HeLa
cells were transiently transfected with Flag-SQSTM1 construct (A) or SQSTM1 siRNA (siSQSTM1, Dharmacon, 100 nM) (B) for 24 h, followed by CVB3 infection for 7 h. Western
blotting was performed to examine the expression of SQSTM1 using an anti-Flag antibody
which recognizes the N-terminus of SQSTM1 (A) or using an anti-C-terminal SQSTM1 antibody
(B), NBR1 using anti-N-terminal NBR1 antibody, and ACTB/-actin (loading control). (C, D)
Effects of overexpression or knockdown of NBR1 on SQSTM1 protein expression. HeLa cells
were transiently transfected with HA-NBR1 construct (C) or NBR1 siRNA (si-NBR1,
Dharmacon, 100 nM) (D) for 24 h, following by CVB3 infection for 7 h. Western blotting was
performed to examine the expression of NBR1 using an anti-HA antibody which recognizes the
N-terminus of NBR1 (C) or using an anti-N-terminal NBR1 antibody (D), and SQSTM1 using
either anti-C-terminal or anti-N-terminal SQSTM1 antibody as indicated. Protein expression of
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ACTB/-actin was examined as a loading control. Si-control, scramble siRNA control. (E, F)
Effects of overexpression or knockdown of SQSTM1 on NBR1 mRNA expression. HeLa cells
were transiently transfected with Flag-SQSTM1 construct (E) or si-SQSTM1 (F) for 24 h,
followed by CVB3 infection for 7 h. RT-qPCR was performed to examine mRNA levels of
NBR1 and GAPDH (internal control). Results are presented as mean ± SD (n=4). (G, H) Effects
of overexpression or knockdown of NBR1 on SQSTM1 mRNA expression. HeLa cells were
transiently transfected with HA-NBR1 construct (G) or si-NBR1 (H) for 24 h, followed by
CVB3 infection for 7 h. RT-qPCR was performed to examine mRNA levels of SQSTM1 and
GAPDH (internal control). Results are presented as mean ± SD (n=4).

4.4

Discussion
Accumulating evidence has revealed that disruption of protein homeostasis is a key

contributor to the development and pathogenesis of many human diseases, including those
related to coxsackievirus infection

221, 222, 223

. Protein homeostasis is achieved through the

function of protein quality control system. Autophagy-mediated selective recycling of the
terminally-misfolded proteins/aggregates serves as a key component of protein quality control
and defects in this pathway have been linked to protein conformation diseases, such as bone,
liver, heart, and neurodegenerative diseases 124, 224, 225, 226, 227, 228, 229, 230, 231.
Misfolded and ubiquitinated proteins are commonly detected in CVB3-infected cells and
tissues, suggesting that dysfunction of the protein degradation pathway may have a role in viral
pathogenesis 60, 232. We have previously demonstrated that autophagy adapter protein SQSTM1 is
cleaved following CVB3 infection, resulting in the loss of the function of SQSTM1 in selective
autophagy

219

. The present research extends our previous study to investigate the interaction

between NBR1 and coxsackievirus infection. NBR1 is a SQSTM1-like cargo receptor and has
been suggested to have a compensatory effect when SQSTM1 is malfunctioning
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124

. In this

study, we showed that NBR1 is also cleaved after viral infection and the cleavage is catalyzed by
both viral proteinase 2Apro and 3Cpro. More interestingly, we demonstrated that, in addition to
loss-of-function, the C-terminal truncated mutants of SQSTM1 and NBR1 also exhibit a
dominant-negative regulatory effect against the function of native proteins in the clearance of
ubiquitin conjugates. First, we showed that the SQSTM1-C mutant inhibits full-length SQSTM1dependent protein aggregate formation, a prerequisite step for SQSTM1-mediated selective
degradation by autophagosome 120. Second, we demonstrated that overexpression of SQSTM1-C
results in elevated accumulation of both SQSTM1 and NBR1, two known substrate targets of
selective autophagy. The mechanism of such action of SQSTM1-C remains unclear. We
speculate that SQSTM1-C stabilizes full-length SQSTM1 and NBR1 by blocking their
degradation through competing for the binding of ubiquitin chain and/or LC3.
Unlike SQSTM1, we found NBR1 by itself does not facilitate the formation of protein
aggregates and promote the accumulation of insoluble ubiquitin conjugates (data not shown).
This is presumably due to the difference in the function of the PB1 domains of these two
proteins. The PB1 domain enables SQSTM1 to form self-aggregates which is a crucial step for
SQSTM1-mediated selective autophagy
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; however, NBR1 requires the coiled-coil (cc)

domain, but not the PB1 domain, for its dimerization

122

. Our hypothesis is that cc domain-

mediated NBR1 dimerization is not sufficient to induce the formation of large protein
aggregates. In other words, the step of protein aggregate formation is dispensable for NBR1mediated selective autophagy. Interestingly, we found that coexpression of SQSTM1 and NBR1
facilitates the formation of the punctate structures of NBR1 (data not shown). This is likely a
result of the interaction between NBR1 and SQSTM1 and the ability of SQSTM1 to polymerize.
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Another interesting observation of this study is that the cleavage product 3C-NBR1-C, but
not 2A-NBR1-C, induces the accumulation of endogenous SQSTM1. As shown in the schematic
diagram (Fig. 20C), as compared to 3C-NBR1-C, 2A-NBR1-C contains extra 280 amino acids at
its N-terminus which include a second LIR and probably other undefined functional domains. It
is postulated that the presence of additional domains may cause the failure to interfere with the
function of native proteins. Future investigation is required to dissect the molecular basis of this
assumption.
In this study, we reported a positive regulatory relationship between SQSTM1 and NBR1.
The observation that knockdown of SQSTM1 results in a downregulation, rather than an
upregulation of NBR1, implies that NBR1 may not play a compensatory role for the absence of
SQSTM1. What are the possible mechanisms of the mutual regulation of SQSTM1 and NBR1?
Our results demonstrated that overexpression or knockdown of NBR1 does not affect mRNA
expression of SQSTM1, and vice versa, indicating that mutual regulation between SQSTM1 and
NBR1 takes place at the post-transcriptional level. It has been previously demonstrated that
NBR1 and SQSTM1 interact directly to form a heterodimer through respective PB1 domain

234

.

GST pull-down assay also showed that the UBA domain of NBR1 can bind directly with
SQSTM1

235

. These findings raise the possibility that interaction between these two proteins

prevents them from being recognized and degraded through autophagy. We speculate that
overexpressed SQSTM1 interacts and stabilizes its binding partner, NBR1, whereas depletion of
SQSTM1 results in the release of NBR1 from the binding complex and subsequent degradation,
and vice versa. In line with this hypothesis, it was recently reported that the N-terminal truncated
form of NBR1 (aa1-135) that contains an intact PB1 domain stabilizes SQSTM1 and reduce its
turnover through autophagy pathway

235

. The other possible explanation for the reciprocal
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regulation of NBR1 and SQSTM1 is that they compete for degradation through the shared
autophagic pathway. For example, the decrease in NBR1 protein levels when SQSTM1 is
silenced could be a result of accelerated disposal of NBR1 when there is less competition from
SQSTM1. It was previously reported that SQSTM1 can also be degraded through the proteasome
pathway

236

; however in the presence of proteasome inhibitors, we found a minimal increase in

SQSTM1 and NBR1 protein levels compared to the treatment with lysosome inhibitors (data not
shown), suggesting that proteasome pathway is not a major route for the degradation of
SQSTM1 and NBR1.
In addition to NBR1 and SQSTM1, CVB3 proteinases were reported to target a number of
other host proteins as introduced in Section 1.2.3, Chapter 1. Through modulating cellular
processes and disrupting host innate immune response, viral proteinases play a crucial role in
viral infection. SQSTM1 has been shown to have an antiviral effect against Sindbis viral
infection by directing viral capsid protein for autophagic degradation 173. However, in the present
study and our previous report

219

, we found that overexpression or knockdown of NBR1 and

SQSTM1 had little impact on viral replication (data not shown), suggesting that loss of
functional SQSTM1/NBR1 alone is not sufficient enough to benefit viral replication. We
postulate that other cellular mechineries manipulated by viral proteinases are also needed to
work in concordance with the cleavage of SQSTM1/NBR1 to ensure successful viral replication.
Another speculation is that the cleavage of NBR1 and SQSTM1 are by-products due to the
coincidence of possessing consensus sequences of viral proteinase-targeted subtrates. Therefore,
the consequences of protein cleavage are not necessarily to benefit viral replication and
proliferation, but depend on the native functions of these proteins. In other words, although the
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cleavage of SQSTM1 and NBR1 does not favor viral replication, it contributes to overall viral
pathogensis through disruption of selective degradation of protein aggregates.
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Chapter 5: NBR1 is dispensable for PARK2-mediated mitophagy regardless
of the presence or absence of SQSTM1

5.1

Background
Impaired mitochondrial function has been implicated in a number of human diseases,

especially neurodegenerative and heart diseases

237, 238, 239

. Mitochondria dysfunction not only

causes defects in energy-generation, but also results in an elevated production of reactive oxygen
species and increased apoptosis 240. Therefore, mitochondrial quality control (MQC), a process to
preserve functional mitochondria, is extremely important for the maintenance of cellular
homeostasis 241.
MQC depends on a balance between biogenesis and degradation of mitochondria. Efficient
clearance of damaged mitochondria by autophagy, termed mitophagy, constitutes a critical
component of MQC. Although multiple mechanisms have been suggested to be involved in the
regulation of mitophagy

242, 243, 244, 245

, the PTEN-induced putative kinase 1 (PINK1)/PARK2

pathway is the best characterized and most extensively studied signaling mechanism of
mitophagy, partly due to the recognized significance of these two molecules in the pathogenesis
of Parkinson Disease

246, 247, 248

. In healthy non-depolarized mitochondria, the serine/threonine

kinase PINK1 is constantly and rapidly turned over by mitochondrial proteinases. Upon
mitochondrial damage, PINK1 accumulates on the outer membrane of mitochondria and recruits
the E3 ubiquitin ligase PARK2/Parkin from the cytosol to depolarized mitochondria, where
PARK2 subsequently targets damaged mitochondrial proteins for ubiquitination and bulk
degradation by autophagy 246, 247, 249, 250, 251, 252.
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In addition to the removal of protein aggregates as alluded to previous chapters, SQSTM1
has been reported to be involved in PARK2-mediated mitophagy 252. Although available data are
still controversial, recent evidence supports the notion that SQSTM1 participates in the
regulation of mitophagy, yet it is not absolutely required for this process since deletion of
SQSTM1 does not block PARK2-dependent disposal of damaged mitochondria. The general
assumption is that redundant autophagy receptors, for instance, NBR1, which shares similar
functional domains with SQSTM1, have a compensatory role in mitophagy when SQSTM1 is
deficient 122, 253. However, definitive evidence is lacking.

5.2

Specific aims
In this chapter, we aim to investigate whether NBR1 plays a role in PARK2-dependent

mitophagy, either alone or as a compensatory mechanism to overcome SQSTM1 depletion.
The SPECIFIC AIMS include:
Aim 1. To detect mitochondrial clustering and mitochondrial protein degradation after early
and prolonged CCCP (a mitochondrial uncoupler to trigger mitophagy) treatment, respectively
Aim 2. To test whether NBR1 has any effects in mitochondrial clustering upon CCCP
treatment
Aim 3. To investigate whether NBR1 alone or in concert with SQSTM1 plays a role in
PARK2-mediated mitophagy
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5.3

Results

5.3.1

CCCP treatment induces PARK2-dependent perinuclear clustering and

degradation of mitochondrial proteins.
CCCP causes mitochondrial depolarization by increasing membrane permeability to protons
and is a widely used mitochondrial uncoupler for the study of mitophagy

254, 255, 256, 257

. In this

study, CCCP was used to investigate the functional role of NBR1 in PARK2-dependent
mitophagy. Since regular HeLa cells express low levels of PARK2, HeLa cells stably expressing
EGFP-Myc-PARK2 were established and used to examine the dynamics of mitochondria after
CCCP treatment. The demonstrated features of PARK-mediated mitophagy include the
translocation of PARK2 from cytosol to perinuclear region and the subsequent degradation of
mitochondrial proteins

258

. In consistent with previous observations254,

255

, we showed that

following 3 h of CCCP treatment, PARK2 translocated to the perinuclear regions and colocalized with mitochondrial outer membrane protein TOMM20 (mitochondrial import receptor
subunit TOM20 homology) in clusters (Fig. 24A, middle panel). Ubiquitination of PARK2 was
detected after 3 h of CCCP treatment, supporting previous report that PARK2 is selfubiquitinated in the early stage of mitophagy (Fig. 24B)252. Furthermore, we found that the
expression level of mitochondrial outer membrane protein, voltage-dependent anion channel 1
(VDAC1), but not other mitochondria proteins examined, including TOMM20, MAVS, and
cytochrome C (CYCS), was markedly reduced after CCCP treatment for 3 h, indicating a
specific protein degradation process during early mitochondrial damage (Fig. 24B and C). After
a prolonged CCCP treatment (24 h), protein levels of all the tested mitochondrial proteins were
dramatically decreased (Fig. 24A-bottom panel, D, and E), suggesting the bulk clearance of
damaged mitochondria.
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Figure 24. CCCP treatment induces perinuclear aggregation and degradation of
mitochondrial proteins in HeLa cells stably expressing PARK2.
(A, B, and D) HeLa cells stably expressing EGFP-Myc-PARK2 were treated with either vehicle
or CCCP (10 µM) for 3 h or 24 h as indicated. PARK2 signal was shown in green. Cells were
immunostained for TOMM20 (red). Nuclei were counterstained with DAPI (blue). The
percentage of cells with PARK2 translocation or TOMM20 degradation relative to the total
number of cells counted (n) was presented (A). Western blotting was performed to examine the
levels of various mitochondrial proteins as indicated at 3 h (B) and 24 h (D) post CCCP
treatment. ACTB/β-actin was probed as a loading control. (C and E) Densitometric analysis of
protein levels after normalized to ACTB in (B) and (D), respectively. *, p<0.05; #, p<0.01; N.S.,
not significant.
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5.3.2

NBR1 is dispensable for CCCP-induced mitochondrial clustering.

It has been previously reported that SQSTM1 is required for PARK2-dependent
mitochondrial perinuclear clustering triggered by CCCP treatment

253, 259

. We therefore

questioned whether NBR1, a functional homolog of SQSTM1, has a similar role. HeLa cells
stably expressing PARK2 were transiently transfected with HA-tagged NBR1 for 24 h, followed
by vehicle or CCCP (10 µM) treatment for 3 h. As shown in Fig. 25A, NBR1 was evenly
distributed throughout the cytoplasm in vehicle-treated cells. Upon CCCP treatment, NBR1 was
recruited to the depolarized mitochondria that are characterized by perinuclear accumulation of
PARK2 and TOMM20, suggesting a possible role for NBR1 in the formation of mitochondrial
aggregates. To determine the definitive function of NBR1 in mitochondrial clustering, NBR1 in
PARK2 stable HeLa cells was knocked down using siRNA technique. Confocal microscopy
showed that gene-silencing of NBR1 had essentially no effect on CCCP-induced mitochondrial
translocation of PARK2 and formation of mitochondrial aggregates (Fig. 25B). Together, our
data suggest that NBR1 is not a necessary mediator in mitochondrial clustering.
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Figure 25. NBR1 is not required for CCCP-induced, PARK2-dependent mitochondrial
clustering.
(A) HeLa cells stably expressing EGFP-Myc-PARK2 were transiently transfected with HANBR1 for 24 h, followed by vehicle or CCCP (10 µM) treatment for 3 h. PARK2 signal was
shown in green. Cells were double immunostained with anti-HA (cyan) and anti-TOMM20
(magenta) antibodies. Quantification was presented as the percentage of cells with NBR1
clustering over total number of HA-NBR1 expressing cells (n). (B) PARK2 stably expressing
HeLa cells were transiently transfected with control siRNA (si-control) or siRNA against NBR1
(si-NBR1) for 48 h, followed by vehicle or CCCP (10 µM) treatment for 3 h. Cells were
immunostained with anti-TOMM20 antibody (red). Nuclei were counterstained with DAPI
(blue). Immunostaining results were quantified as the percentage of cells with PARK2
translocation over total number of cells counted (n) after CCCP treatment.

5.3.3

PARK2-dependent degradation of VDAC1 is mediated through the proteasome

pathway.
We next determined whether NBR1 plays a role in CCCP-triggered early downregulation of
VDAC1 (Fig. 24B). The results presented in Fig. 26A-D demonstrated that either knockdown or
overexpression of NBR1 alone or in combination with SQSTM1 had no significant impact on
CCCP-induced reduction of VDAC1 protein level. Furthermore, we showed that CCCP-induced
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accumulation of PINK1 and ubiquitination of PARK2 were not influenced by modulation of
SQSTM1 and/or NBR1 (Fig. 26A and C).
To understand whether PARK2 is required for decreased VDAC1 expression following
CCCP treatment, regular HeLa cells that do not express PARK2 were treated with CCCP for 3 h.
As shown in Fig. 26E and F, protein levels of VDAC1 remained unchanged after CCCP
treatment, suggesting that downregulation of VDAC1 is PARK2-dependent. To further explore
the underlying mechanism of VDAC1 degradation, PARK2 stable HeLa cells were treated with
either proteasome inhibitor lactacystin or lysosome inhibitor BAF. We found that addition of
LAC, but not BAF, inhibited CCCP-induced downregulation of VDAC1, indicating a
proteasome-dependent mechanism of VDAC1 degradation (Fig. 26G and H). Taken together,
our results suggest that CCCP treatment induces PARK2-dependent VDAC1 degradation
through the ubiquitin-proteasome pathway. Both NBR1 and SQSTM1 do not appear to be
involved in this process.
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Figure 26. PARK2-dependent early degradation of VDAC1 is mediated through the
ubiquitin-proteasome pathway.
(A) HeLa cells stably expressing PARK2 were transiently transfected with si-NBR1 and siSQSTM1 alone or in combination as indicated for 48 h, followed by vehicle or CCCP (10 µM)
treatment for 3 or 6 h. Cells transfected with si-control were used as controls. Western blotting
was performed to examine protein expression of NBR1, SQSTM1, and various mitochondrial
proteins as indicated. (B) Densitometric analysis of VDAC1 after normalized to ACTB in (A).
(C) PARK2 stably expressing HeLa cells were transiently transfected with HA-NBR1 and FlagSQSTM1 alone or in combination as indicated for 24 h, followed by vehicle or CCCP (10 µM)
treatment for 3 or 6 h. Cells transfected with empty vector were used as controls. Protein levels
of NBR1 (using anti-NBR1 antibody), SQSTM1 (using anti-FLAG antibody), and various
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mitochondrial proteins were examined as described above. (D) Densitometric analysis of
VDAC1 after normalized to ACTB in (C). (E) Regular HeLa cells were treated with CCCP (10
µM) for 3 h. Western blot analysis was carried out to examine the expression of various
mitochondrial proteins as indicated. (F) Densitometric analysis of protein levels after normalized
to ACTB in (E). (G) HeLa cells stably expressing PARK2 were treated with CCCP (10 µM) for
indicated time periods in the presence or absence of lysosomal inhibitor bafilomycin A1 (BAF,
200 nM) or proteasome inhibitor lactacystin (LAC, 10 µM). Protein level of VDAC1 was
examined by Western blotting. (H) Densitometric analysis of protein levels after normalized to
ACTB in (G). *, p<0.05; N.S., not significant.

5.3.4

NBR1 is dispensable for CCCP-induced mitophagy regardless of the presence or

absence of SQSTM1.
Finally, we examined the role of NBR1 in CCCP-induced mitophagy. As mentioned earlier,
the function of SQSTM1 in regulating mitophagy is still controversial. Here we first utilized the
Sqstm1-/- MEFs to evaluate the effects of depletion of SQSTM1 on CCCP-induced mitophagy.
Since MEFs express very low levels of PARK2, we transiently transfected exogenous PARK2
into these cells, then treated them with CCCP for 24 h. Confocal microscopy data showed that as
compared to vehicle-treated cells where TOMM20 was stained in red, after CCCP treatment,
TOMM20 signal was barely detectable in PARK2 expressing cells independent of SQSTM1
(Fig. 27A), implying that SQSTM1 is not an essential modulator in the removal of damaged
mitochondria.
We next examined the role of NBR1 in mitophagy in the presence or absence of SQSTM1.
As shown in Fig. 27B, following CCCP treatment, TOMM20 signal was undetectable either in
MEFs with knockdown of NBR1 alone (Sqstm1+/+ MEFs + si-Nbr1) or in combination with
SQSTM1 (Sqstm1-/- MEFs + si-Nbr1). Similar results were obtained using regular HeLa cells
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transfected with si-NBR1 alone or together with si-SQSTM1 (Fig. 27C). Consistent with the
Immunofluorescence results, Western blot analysis demonstrated that neither knockdown nor
overexpression of NBR1 alone or in combination with SQSTM1 has significant impacts on
CCCP-induced degradation of mitochondrial proteins (Fig. 27D-G). Collectively, our results
suggest that NBR1 is dispensable for the final removal of damaged mitochondria regardless of
the presence or absence of SQSTM1.
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Figure 27. NBR1 is dispensable for CCCP-induced mitophagy regardless of the presence or
absence of SQSTM1.
(A) Sqstm1 wide-type (Sqstm1+/+) or deficient (Sqstm1-/-) MEFs were transiently transfected
with a plasmid expressing EGFP-Myc-PARK2 for 24 h. Cells were then treated with vehicle or
CCCP (10 µM) for 24 h. PARK2 was displayed in green, and TOMM20 was stained in red. The
percentage of cells with TOMM20 degradation relative to total counted cells expressing PARK2
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(n) was presented. (B and C) Sqstm1 wide-type or deficient MEFs (B) and regular HeLa cells
(C) were transiently transfected with si-NBR1 for 24 h, followed by second transfection with
EGFP-Myc-PARK2 plasmid for additional 24 h. Cells were then treated with vehicle or CCCP
for 24 h. PARK2 signal was shown in green, and TOMM20 was stained in red. Quantification
was performed as described above. The si-NBR1 knockdown efficiency in MEFs was evaluated
by Western blotting. (D) PARK2 stably expressing HeLa cells were transiently transfected with
si-NBR1 and si-SQSTM1 alone or in combination as indicated for 48 h, followed by vehicle or
CCCP (10 µM) treatment for 24 h. The knockdown efficiency of si-NBR1 and si-SQSTM1 and
protein levels of mitochondrial proteins were examined by Western blotting. (E) Densitometric
analysis of protein levels of MAVS and TOMM20 after normalized to ACTB. #, p<0.01; *,
p<0.05. (F) HeLa cells stably expressing PARK2 were transiently transfected with HA-NBR1
and Flag-SQSTM1 alone or in combination as indicated for 24 h, followed by vehicle or CCCP
(10 µM) treatment for 24 h. The cDNA transfection efficiency and protein levels of
mitochondrial proteins were examined by Western blotting. (G) Densitometric analysis of
protein levels of MAVS and CYCS after normalized to ACTB. #, p<0.01.

5.4

Discussion
Selective removal of terminally damaged organelles that are highly toxic to the cells through

autophagy represents an important self-defense mechanism to protect against cell damage.
Autophagy adaptor proteins, including SQSTM1 and NBR1, have been revealed to be essential
in mediating selective autophagy 130, 131, 260, 261, 262. SQSTM1 and NBR1 share similar functional
domains, including the PB1 domain, the LC3-interacting regions (LIR), and the ubiquitin
association (UBA) domain

121

. Through interacting with both LC3 and ubiquitin chains, they

function as autophagy receptors targeting ubiquitinated proteins/organelles to autophagosomes
for degradation. Functional redundancy of these two proteins has been proposed in the clearance
of ubiquitinated proteins and damaged mitochondria
evidence is still missing.
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122, 131, 253

; however, direct experimental

The major findings of the current study are two-fold. First, NBR1 alone does not seem to
play a key role in PARK2-mediated mitophagy as neither knockdown nor overexpression of
NBR1 affects CCCP-induced mitochondrial clearance. Second, NBR1 does not appear to serve
as a compensatory mechanism for the loss of function of SQSTM1 in regulating mitophagy as
deletion of both SQSTM1 and NBR1 fails to rescue mitochondrial degradation triggered by
CCCP. Our results in this study suggest that additional autophagic adaptor proteins are
responsible for the regulation of PARK2-dependent mitophagy. Alternatively, depletion of
SQSTM1 results in the activation and recruitment of redundant proteins other than NBR1 to
dysfunctional mitochondria. It was previously shown that outer mitochondrial membrane protein
BCL2/adenovirus E1B 19kDa interacting protein 3-like (Nix/BNIP3) and FUN14 domain
containing 1 (FUNDC1) act as a receptor for CCCP and hypoxia-induced mitophagy,
respectively

255, 263

. Moreover, it was recently reported that upon depolarization or oxidative

stress, optineurin is recruited to depolarized mitochondria to facilitate mitochondrial degradation
by autophagy 264. Most recently, autophagy/beclin-1 regulator 1 (AMBRA1) was identified as a
novel autophagy receptor for impaired mitochondria through binding to autophagosome LC3 in
both PARK2- and SQSTM1-dependent and independent manners

265

. Whether these proteins

play a compensatory role in mitophagy in SQSTM1 and NBR1 deficient cells warrants further
investigation.
In this study we demonstrated that NBR1 is recruited to the depolarized mitochondria upon
injury although it may not be a necessary mediator for mitophagy. Together with early reports
that SQSTM1 co-localizes with mitochondria marker TOMM20 and PARK2 upon stress
259

252, 253,

, our results suggest that both NBR1 and SQSTM1 are likely targets of mitophagy themselves.
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This hypothesis was supported by the data presented in Fig. 27D and F that protein levels of
NBR1 and SQSTM1 are markedly decreased in CCCP-treated cells as compared to control.
Another interesting observation of this study is PARK2-dependent selective proteasomal
degradation of VDAC1 at the early stage of mitochondrial damage. This result is consistent with
previous reports that mitochondrial proteins, such as TOMM20, TOMM40, TOMM70, Omp25,
and mitofusins, undergo proteasomal degradation before the entire damaged mitochondria are
destined for autophagic degradation

254, 266, 267

. These findings point to important cellular

strategies to maintain a functional network of mitochondria at different phases of organ damage.
During the early stage of mitochondrial damage, the proteasome pathway plays a key role in
quality control through disposal of individual damaged proteins. However, an extended injury
results in a massive accumulation of misfolded proteins that exceed the proteolytic capacity of
the proteasome. Under this condition, the mitophagy pathway is therefore activated to remove
the whole damaged organelles from the cells to restore homeostasis.
In summary, our results reveal that NBR1 is neither an essential protein in PARK2-mediated
mitophagy nor does it play a major compensatory role in mitochondrial degradation in SQSTM1
depletion cells.
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Chapter 6: Closing remarks

6.1

Research summary and conclusions
A summary of the major findings in my study is listed below:
Chapter 3: Cleavage of sequestosome 1/p62 results in disrupted selective autophagy
1. SQSTM1 is cleaved at glycine 241 (G241) following CVB3 infection through the activity

of viral proteinase 2Apro.
2. The cleavage fragments of SQSTM1 are no longer the substrates of autophagy, and their
ability to form protein aggregates is greatly compromised.
3. The cleavage fragments of SQSTM1 lose the function of native SQSTM1 in activating
NFKB pathway.
4. In addition to the disruption of selective autophagy, CVB3 infection results in an
incomplete general autophagy pathway due to the blockage of autophagic flux.
Chapter 4: Dominant-negative function of the C-terminal fragments of NBR1 and SQSTM1
generated during CVB3 infection
1. NBR1 is also cleaved during CVB3 infection by virus-encoded proteinase 2Apro and 3Cpro
at glycine 402 (G402) and glutamic acid 682 (E682), respectively.
2. In addition to the loss-of-function, the cleavage of SQSTM1/NBR1 leads to the
generation of toxic mutants. The C-terminal fragments of SQSTM1 and NBR1 exhibit a
dominant-negative effect against native SQSTM1/NBR1, probably by competing for LC3 and
ubiquitin chain binding.
3. SQSTM1 and NBR1 are positively and mutually regulated during viral infection.
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Chapter 5: NBR1 is dispensable for PARK2-mediated mitophagy regardless of the presence
or absence of SQSTM1
1. NBR1 does not appear to be required for mitochondrial clustering following
mitochondrial depolarization induced by mitochondrial uncoupler CCCP.
2. NBR1 alone or together with SQSTM1 does not prevent the degradation of damaged
mitochondria.
In conclusion, my research demonstrated that CVB3 infection results in disrupted
aggrephagy, autophagic flux and host defense signaling, suggesting novel mechanisms through
which coxsackievirus infection induces abnormal accumulation of ubiquitin conjugates and
benefits its own replication. The disruption of aggrephagy and host defense signaling is due to
the proteolytic cleavage of autophagy adaptor proteins SQSTM1 and NBR1. SQSTM1 and
NBR1 do not appear to play an indispensable role in mitophagy.

6.2

Research significance
To date, there is no effective treatment to viral myocarditis and its chronic complication,

DCM. Understanding the pathogenesis of this disease from different perspectives will facilitate
the discovery of novel therapeutic targets and the development of new drugs. Virus-induced
cardiomyopathy is accompanied by abnormal accumulation of ubiquitin conjugates observed in
both animal models and patients. Proteotoxicity generated by protein aggregates has emerged to
play a key role in the pathogenesis of proteinopathies, such as neurodegenerative and heart
diseases. Thus, elucidation of the biological process of ubiquitin conjugates formation is the first
step to understand the disease. Our findings that CVB3 induces the cleavage of the two
functionally similar autophagy adapter proteins and subsequent impairment of selective
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clearance of ubiquitin aggregates suggest a novel mechanism contributing to the pathogenesis of
CVB3 infection. Knowledge gained in this study offers a potential for the development of new
drugs targeting the loss of SQSTM1 and NBR1 function for the treatment of CVB3-induced
diseases.
From a broader perspective, the extended list of host proteins targeted by viral proteinases
provides valuable information for screening and developing viral proteinase inhibitors. A
compilation of verified substrates has revealed a core consensus sequence [L/I/MXT/SX
GXXX] for enteroviral proteinase 2Apro and [AXXQ GPXX] for enteroviral
proteinase 3Cpro (L, leucine; I, isoleucine; M, methionine; T, threonine; S, serine; A, alanine; Q,
glutamine; G, glycine; P, proline; X stands for any amino acid; , stands for the scissile site);
however, the characterization of viral proteinase substrates is still at an early stage. Identification
of an increasing number of viral proteinase targets will assist in a better recognition of protein
characteristics at primary and conformational levels and the development of viral proteinase
inhibitors. A sample strategy is to design a small molecule that mimics viral substrates and has a
higher affinity to viral proteinases. In this way, it interrupts the interaction of viral proteinases
with its native substrates.
This study reveals a new mechanism of SQSTM1 and NBR1 regulation. It was previously
reported that SQSTM1 protein level is controlled by autophagic degradation
transcriptional and post-transcriptional regulation during autophagy

185

268, 269, 270, 271

, as well as

. The current

study provides the first proof that SQSTM1 is regulated by viral proteinases-targeted cleavage.
This finding further emphasizes the notion that evaluation of autophagy flux cannot solely rely
on the measurement of SQSTM1, and a combination of different methods is required.
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Furthermore, my study provides a powerful model system to delineate the biological
functions and mechanisms of SQSTM1 and NBR1. The study establishes a model to investigate
the functional changes of toxic gain-of-function or dominant-negative effects of the cleavage
mutants by generating cleavage fragments and the non-cleavable form. Given the importance of
SQSTM1 and NBR1 in various cellular processes and the diversity of host proteinases, it is
assumed that they may also be targeted by other proteinases

194

. In fact, a latest study showed

that SQSTM1 cleavage can also be mediated by caspase 8 272. Thus, the functional consequences
induced by distinct cleavage warrant further investigation using similar strategies.

6.3

Limitations and future directions
Although the cleavage of SQSTM1 and NBR1 has also been confirmed in HL-1 cells (a cell

line derived from mouse cardiomyocytes) following CVB3 infection, the data would be more
solid if the cleavage products were detected in CVB3-infected mouse hearts. Using tissue
extracts from CVB3-infected mouse hearts, we were unable to detect significant downregulation
and obvious cleavage of SQSTM1 and NBR1 by Western blot analysis. We believe that this is
largely due to the nature of highly focal infection of the heart by CVB3

273

. Unlike in vitro

studies in which we can achieve 100% viral infection, in the in vivo mouse model the viral
infection rate is much lower with an average ~30% of the cardiomyocytes being infected at 9d
post-infection (the peak time for viral replication). In addition, cardiac fibroblasts and vascular
smooth muscle cells in the heart are resistant to CVB3 infection. Thus, it is extremely
challenging to detect changes of protein expression using extracts from virus-infected hearts. In
fact, we found that even viral capsid protein VP1 was hardly detectable in CVB3-infected mouse
hearts by Western blotting because this protein is much diluted in whole tissue lysates.
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Fluorescence-activated cell sorting (FACS) may be instrumental to solve this problem. For
example, susceptible mice can be infected with recombinant EGFP-CVB3

274

, followed by the

separation and collection of EGFP-tagged and CVB3-infected cardiomyocytes using FACS.
Second, the finding that viral proteinases induce the cleavage of SQSTM1 and NBR1 has been
verified in both virus-infected cells and with the in vitro cleavage assay by incubating cell lysates
with purified viral proteinases; however, we do not know whether viral proteinases induce the
cleavage directly or with the involvement of other cellular factors. This point would be clarified
using a purified SQSTM1 and NBR1 with intact tertiary structure. Third, the underlying
mechanism through which CVB3 infection results in the blockage of autophagic flux remains to
be elucidated. LAMP1, LAMP2, and the small GTP binding protein Rab7 are of functional
importance in autophagic vacuole maturation

275, 276, 277

. Given that SQSTM1 colocalizes with

Rab7 and LAMP2 as a component of mTOR complex 1 (mTORC1), and is required for mTOR
recruitment to the lysosomal surface upon activation of mTORC1 pathway

278, 279

, it is

conceivable that reduction of SQSTM1 also affects the formation of the autophagosome (akin to
mTOR inactivation) and autolysosome. Thus, it is worthy to further investigate whether these
proteins may contribute to autophagic flux during CVB3 infection. Fourth, an interesting
question that remains is what determines the assortment of ubiquitinated substrates to different
types of selective autophagy. A variety of ubiquitin chains are generated by the sequential
conjugation of ubiquitin moieties from the side chain or the main chain amide group to the C
terminus of the succeeding ubiquitin module. It is possible that different forms of ubiquitin
linkage are recognized by ubiquitin-binding domains of autophagic adaptor proteins, which
translates divergent ubiquitin messages into different types of selective autophagy. Moreover, in
vivo experiments are required to further study the effects of SQSTM1 and NBR1 cleavage on the
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pathogenesis of viral myocarditis. It is intriguing to evaluate the functional significance of
SQSTM1-N and SQSTM1-C in intact hearts. The potential pathogenic role of SQSTM1-N and
SQSTM1-C in cardiac dysfunction and DCM can be examined using a transgenic mouse model
with cardiac-specific expression of SQSTM1-N and SQSTM1-C. It is anticipated that
overexpression of SQSTM1-N and SQSTM1-C in mouse hearts will reduce cardiac function,
promoting the development of DCM based on the in vitro findings. Due to the high, basal levels
of endogenous SQSTM1 in the heart, transgenic mice with cardiac expression of the noncleavable form of SQSTM1 may not be a suitable model for studying the functional significance
of SQSTM1 cleavage. In addition, overexpression of SQSTM1 in mouse hearts has been
associated with cardiac hypertrophy280. Thus, in the future, we propose to establish a knockin
mouse model expressing non-cleavable SQSTM1 (to replace the endogenous SQSTM1 gene) in
the heart to determine whether this form of SQSTM1 can rescue the heart from CVB3-induced
DCM. Finally, the widely used model to study mitochondrial dysfunction with the protonophore
CCCP and overexpression of PARK2 are very practical to decipher the role of PARK2 and
PINK1 in the removal of damaged mitochondria. However, it has been argued that it may not be
a suitable model system to study mitochondrial dysfunction in which mitophagy is triggered in a
physiological manner281. It is suggested that only when applying mild and transient oxidative
stress, mitophagy is specifically induced in mammalian cells without triggering bulk
autophagy282. This may also partly explain the discrepancies regarding the requirement of
SQSTM1 in mitophagy in different studies. Thus, the development of a suitable model that
mimics the physiological condition to the largest extent is greatly needed.
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